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ABSTRACT 
The nature and causes of variations i n the atmospheric 
e l e c t r i c f i e l d as measured at the earth*s surface at Durham 
are investigated. Determinations of the horizontal veloc-
i t y of t r a v e l of variations of periods l e s s than one hour 
are made from simultaneous f i e l d measurements, using two 
rotating e l e c t r o s t a t i c fluxmeters, at two points approx-
imately 100m apart. 
In f a i r weather the horizontal speed of the variations 
i s about 1.2 times that of the wind at 10m, suggesting 
that they are due primarily to the motion of windborne 
space charges contained i n the f i r s t 100m of atmosphere. 
I n general the magnitude of the f i e l d variations appears 
to be dependent on the v e r t i c a l s t a b i l i t y of the lower 
atmosphere. Certain d i s t i n c t i v e variations are believed 
to originate from charged locomotive steam while others 
appear related to atmospheric convective motion. 
Measurenmts i n mist and fog suooort the view that 
the undulatory nature of the f i e l d i s due to the horizon-
t a l d r i f t of fog mtaimm of varying thickness** or density. 
Frequently f i e l d s below layer clouds show wave-like 
variations, these are shown to be due to the horizontal 
motion of cloud layers which contain a periodic s p a t i a l 
d i s t r i b u t i o n of charges. This charge di s t r i b u t i o n appears 
to be closely related to v i s i b l e s t r u c t u r a l variations i n 
cloud thickness or density. Reasons are given for suggest-
ing that, i n stratus cloud, charge i s separated by the 
Wilson process. 
I t i s shown that the f i e l d disturbances below shower 
clouds are due mainly to the horizontal d r i f t of the charge 
system associated with the cloud. Such systems may be 
complex for appreciable charges appear to e x i s t outside 
the cloud bounderies. Examples are given of the modifica-
tion of surface f i e l d s by space charges liberated by point 
discharge processes and i t i s shown that surface measure-
ments may be c r i t i c a l l y dependent on the location of the 
measuring instruments r e l a t i v e to discharging points. 
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1. THE EARTH•S ELECTRICAL SYSTEM. 
I n the past more time has been devoted to the measure-
ment of the earth's e l e c t r i c f i e l d than to any other of the 
atmospheric e l e c t r i c a l elements and as a r e s u l t a great deal 
of l i t e r a t u r e has been published which i s d i r e c t l y concerned 
with the variations of t h i s f i e l d . I n t h i s section and i n 
the following survey these variations and t h e i r origins are 
discussed generally; where work of others bears s p e c i f i c a l l y 
on the present investigation a detailed discussion of the 
relevant l i t e r a t u r e i s reserved to a l a t e r section. 
The Rationalised System of M.K.S. Units i s used through-
out. F i e l d strength i s U3ed as a di r e c t replacement for 
potential gradient; a v e r t i c a l positive f i e l d tends to move 
a positive charge downwards. 
1*1 The Condenser Analogy. 
When studying atmospheric e l e c t r i c a l phenomena i t i s 
often convenient to regard the earth as a conducting sphere 
surrounded by a second conducting spherical region known as 
the Ionosphere. This arrangement forms a concentric 
spherical condenser system i n which the medium between the 
conducting surfaces i s the atmosphere, a d i e l e c t r i c with a 
low but f i n i t e conductivity. 
I t has been found that the Ionosphere i s at a positive 
potential with respect t o _ t h e e a r t h and that an e l e c t r i c 
I 29 SEP 1978 
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f i e l d l i n k s the positive charge i n the upper a i r with a 
negative charge bound on the earth*s surface. The t o t a l 
resistance between the Ionosphere and the earth i s about 
200 ohms and with the average potential of the upper conductor 
6 
at 3.6x10 vol t s a leakage current of about lBOOaraps must flow. 
With t h i s transference of charge between the conductors the 
e l e c t r i c f i e l d would quickly decay unless maintained by some 
other process. For many years the maintenance of the fine 
weather f i e l d remained a mystery but i t i s now generally 
accepted that the "supply current" i s generated i n those 
regions of the world which are suffering from stormy or 
disturbed weather. 
Problems i n atmospheric e l e c t r i c i t y may now be divided 
into two groups; on the one hand there are those concerned 
with the fine weather or dissipa t i o n processes, w h i l s t 
disturbed weather problems are primarily concerned with 
processes which lead to the generation of the supply current. 
1.2 Limitations of the Condenser Analogy. 
At the ear t h 1 s surface the e l e c t r i c f i e l d strength i s 
seldom steady, i t s variations are diverse both i n form and 
origi n and a r i s e from both the dis s i p a t i o n and generation 
processes. The c l a s s i f i c a t i o n of these variations i s often 
based on the equation 
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where Ep i s the f i e l d strength at a point p, R the columnar 
resistance, V the potential of the Ionosphere and \ the 
s p e c i f i c conductivity of the a i r at p. Variations i n Ep 
may then be c l a s s i f i e d according to which parameter(s) i n 
(1.1) i s changing. E q . ( l . l ) has limited application 
however, for i t has been derived with the assumption that 
the v e r t i c a l current i ( = V/R) i s ohmic and i t s density i s 
constant with a l t i t u d e . Although t h i s appears true for the 
stationary state, under normal conditions the atmosphere and 
i t s e l e c t r i c a l elements are seldom steady so that the 
v e r t i c a l current may be complex and may vary with a l t i t u d e . 
Let us consider the case where a steady equilibrium 
f i e l d E a suffers an abrupt change at time t-0 and then 
eventually s e t t l e s down to a f i n a l equilibrium value E D . 
The t r a n s i t i o n a l f i e l d strength E i s then a function of 
time as shown by Kasemir(1950), for 
E . E . e - ^ - E . H - e - * * - ) ( 1. 2 ) 
"** 
where £ 0 i s the permittivity of free space (8.854x10 C/v/m). 
The value being known as the relaxation time. Taking 
t y p i c a l values of ft Israel(1953) has shown that the trans-
i t i o n time i n which the surface f i e l d reaches 9955 of i t s new 
equilibrium value i s about 30 minutes. As i3E/S and ^ varies 
with height then the v e r t i c a l current density cannot be 
considered constant with a l t i t u d e unless the variations of 
the other elements occur with periods greater than about 
k 
5£q/a • For these quasi-stationary conditions the condenser 
analogy i s applicable and has been used to explain many of 
the long period (secular and diurnal) .field v a r i a t i o n s . 
When considering the short period variations the 
i d e a l i s e d condition where there i s a d e f i n i t e upper layer 
of positive charge must generally be abandoned. I t has 
been found that the f i e l d strength decreases with height, 
Schweidler(1929) gives the empirical r e l a t i o n , 
E - 9oe ; + we' (i.3) 
where E i s i n v/m and z i n metres. Differentiation of (1.3) 
shows that the upper charge i s distributed throughout the 
lower atmosphere and rapidly decreases with height. This 
mean d i s t r i b u t i o n of space charge follows from the v e r t i c a l 
motion of ions i n a medium whose conductivity Increases with 
height. As the conductivity near the surface i s comparative-
l y low, more than h a l f the t o t a l upper charge i s , i n f a c t , 
concentrated i n the lowest 500m. Small ions i n these lower 
a i r l e v e l s have r e l a t i v e l y large mobilities and so make the 
largest contribution to the t o t a l ohmic v e r t i c a l current. 
With mobilities of about 1.5x10 m/sec/v/m these small 
-z 
ions move at about 2,0x10 m/sec under the action of the 
normal f a i r weather f i e l d . However, i t i s not uncommon to 
find v e r t i c a l a i r v e l o c i t i e s of lm/sec even i n f a i r weather 
so that the airborne ions may have v e l o c i t i e s which are 
governed primarily by aerodynamic rather than e l e c t r o -
1 
s t a t i c forces. 
I n the present investigation only the comparatively 
short period ( l e s s than one hour) f i e l d variations are 
studied so that the problems are r a r e l y concerned volth 
steady-state conditions or the"current-field" picture of 
Kasemir. As these variations generally find t h e i r origin 
i n l o c a l meteorological phenomena the condenser analogy i s 
no longer applicable, i n i t s place i t i s convenient to 
picture the e l e c t r i c a l structure of the lower atmosphere 
as one of a complex di s t r i b u t i o n of space charge suspended 
i n an often fast-flowing and turbulent f l u i d . 
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2. VARIATIONS IN THE EARTH'S ELECTRIC FIELD - A SURVEY. 
I n the following, a b r i e f survey i s made of a l l the 
various types of f i e l d variations. These may be analysed 
into components of various periodic times ranging from years 
down to fractions of a second. Although the present invest-
igation i s only concerned with a part of t h i s time spectrum, 
variations of a l l periods are discussed i n order to 
i l l u s t r a t e the wide variety of factors involved. 
2.1 Annual and Secular Variations. 
At a number of observing stations throughout the world 
a continuous record of the v e r t i c a l f i e l d strength has been 
maintained over many years. From the mean values of the 
f i e l d as recorded on "Selected Days", see Whipple(1937), 
Isr a e l ( 1 9 4 S ) , i t i s possible to plot a curve of mean f i e l d 
against time for each year. The r e s u l t usually indicates 
a greater f i e l d i n the l o c a l winter than i n the l o c a l summer. 
This form of variation has been attributed to a seasonal 
variation i n \ , E q . ( l . l ) , for i n the winter the density of 
small ions i s low owing to t h e i r attachment to the kernels 
(Aitken Nuclei) produced by various sources of pollution. 
I n the summer the number of small ions increases owing to 
the lessening of the pollution and as the conductivity i s 
primarily dependent on the small ion density, so A suffers 
an annual variation. The fa c t that there i s l i t t l e or no 
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annual variation over the oceans i s understandable 
considering the lack of sources of pollution. A small 
component of the annual variation may be due to a change 
i n the potential of the Ionosphere, V, as discussed by 
Whipple(1929). 
So f a r as a secular variation i s concerned there 
appears to be l i t t l e evidence that t h i s i s anything but 
fortuitous. Scrase(193&) has pointed out the probable 
significance of part of the secular variation at Kew, whilst 
Bauer(1923) seems to think that there i s a r e l a t i o n between 
secular variation and sunspot a c t i v i t y . 
2.2 Diurnal Variations. 
As the period of the f i e l d variation under investigat-
ion becomes smaller, so i t i s found that the contribution 
made by l o c a l influences becomes larger. This applies 
p a r t i c u l a r l y to land stations where most of the da i l y 
variation i s due to changes i n the l o c a l atmosphere. I n 
contrast, the form of the variation that occurs over the 
oceans and i n polar regions i s comparatively free from l o c a l 
e f f e c t s , hence measurements made i n these regions are of 
p a r t i c u l a r i n t e r e s t . Where such measurements have been 
made, they have indicated a well-marked diurnal variation 
and i t has been shown that t h i s variation occurs simultane-
ously i n a l l parts of the world. This world-wide a l t e r a t i o n 
8 
of f i e l d strength i s of fundamental importance and has been 
ascribed to a v a r i a t i o n of the potential of the Ionosphere 
with time. I f Wilson*s(1920) theory that the world's 
thunderstorms maintain the ionospheric potential i s correct, 
then one might expect that when the world's thunderstorm 
a c t i v i t y was at i t s height the potential of the Ionosphere 
would be at a maximum. This i n fact was found by Whipple 
(1929), who showed that the diurnal variation of the world's 
thunderstorm a c t i v i t y follows c l o s e l y the diurnal va r i a t i o n 
of the f i e l d strength as measured over the oceans. 
Naturally t h i s component of the diurnal variation e x i s t s 
at a l l stations although i t i s generally masked by l o c a l 
e f f e c t s at land stations. Using suitable a n a l y t i c a l t r e a t -
ment the worldwide component can often be extracted from the 
d a i l y course of the f i e l d and the remaining curve i s then 
due to purely l o c a l e f f e c t s ; for example see Allen(1939). 
The form of t h i s curve depends to a large extent on the 
weather prevailing but again i f only "Selected Days" are 
considered, then the l o c a l component has been found to vary 
c l o s e l y with l o c a l solar-time. Just before dawn the f i e l d 
i s at i t s lowest value; as the morning progresses the f i e l d 
increases, reaching a maximum about noon. From noon onwards 
the f i e l d f a l l s through a secondary minimum to r i s e again to 
a secondary maximum at dusk, f i n a l l y f a l l i n g to the minimum 
at next sunrise, Whipple(1929) has explained t h i s by 
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considering changes i n the l o c a l conductivity duo to a 
combination of changes i n the rate of pollution production 
and the effectiveness of the dispersal of t h i s pollution by 
the motion of the lower a i r masses. Broxm(1934) has enlarged 
on t h i s theory and comes to the conclusion that the da i l y 
cycle of turbulence, convection and subsidence, i s primarily 
responsible for the form of the f i e l d v a r i a t i o n . Modificat-
ion of the form of variation by weather conditions has also 
been found by Bronm(1936)(1937); both with constant cloud 
cover and with increasing wind speed the amplitude of 
variati o n i s reduced. This i s explained by considering the 
modified state of the convection cycle as would e x i s t under 
these conditions* 
2,3 Short Period Variations. 
The term short period i s used here to cover those 
variations which have periods ranging from about one hour to 
a few seconds. A large proportion of these variations have 
t h e i r origin i n the changes of conditions i n the l o c a l 
atmosphere, therefore, i t i s convenient to c l a s s i f y them 
under different meteorological conditions, 
a) Fine Weather. 
By comparison with tho variations of other periods there 
has been l i t t l e detailed study made of the short-period 
fluctuations that e x i s t i n fi n e weather. The significance of 
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these was not thought to be important, i n any case very 
l i t t l e d e t a i l could have been extracted from f i e l d r e g i s t e r -
ing instruments designed to investigate long-period 
variations* Such instruments had a.long response time and a 
slow recording-chart speed. 
Fundamentally, a l l f i e l d variations are the r e s u l t of a 
change i n charge d i s t r i b u t i o n but whether a p a r t i c u l a r f i e l d 
v a riation i s due to a d i r e c t change or to an i n d i r e c t one 
a r i s i n g from an a l t e r a t i o n of conductivity i s generally 
d i f f i c u l t to decide, p a r t i c u l a r l y i f the a i r - e a r t h current 
i s not measured alongside the f i e l d . 
As a large percentage of the t o t a l upper positive charge 
i s confined to the lower atmosphere then even i f the conduct* 
i v i t y i s undisturbed from i t s normal value and there i s no 
dir e c t charge generation talcing place, f i e l d variations might 
be expected to occur i f the a i r becomes turbulent, causing 
v e r t i c a l motion of the e x i s t i n g charges. 
When conductivity changes do occur, the f i e l d generally 
follows the anticipated inverse course and many experimental 
examples of t h i s r e l a t i o n may be found i n the l i t e r a t u r e . 
The sudden introduction of a mass of a i r ivhose conductivity 
d i f f e r s from that of i t s surroundings would not cause rapid 
changes i n f i e l d strength because of the relaxation e f f e c t s . 
Under normal circumstances one would expect variations 
a r i s i n g from pure conductivity effects to have periods 
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greater than about f i v e minutes, A small pocket of a i r whose 
conductivity d i f f e r s from that of i t s environment can have 
l i t t l e e f fect on the f i e l d at the surface* Even the clouds 
of f a i r weather with t h e i r i n t e r n a l conductivity reduced to 
about one t h i r d of the normal value have been found to have 
a negligible effect on the surface f i e l d . I n general, 
appreciable conductivity e f f e c t s must be associated with 
f a i r l y large a i r masses, for example see Koenigsfeld(1951). 
Other fine weather f i e l d variations a r i s e from the 
existence of free charges which have been produced by some 
di r e c t charge generation process. These processes may be 
natural or may a r i s e from the a c t i v i t i e s of man. Of the 
f i r s t the only one l i k e l y to be encountered i s that which 
a r i s e s from the f r i c t i o n a l e f f e c t s of dust p a r t i c l e s . A 
number of instances, for example Sil ( 1 9 3 3 ) , have been 
reported when the normal positive fine weather f i e l d was 
decreased, often to a negative value, and the effect was 
associated with "dust d e v i l s " . This implies a negative 
charge on the p a r t i c l e s , however, t h i s i s not an i n f a l l i b l e 
r u l e , as has been shown by Rudge (1 9 H ) . 
So f a r as man-made charges are concerned, the majority 
are associated with combustion processes. Muhleisen(1952) 
(1953) has made a thorough search for the origins of these 
charges and h i s findings are tabulated i n Table 1. He finds 
that i n some cases the l i f e - t i m e of the ions bearing the 
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charges may exceed one hour and may be detected more than 
10km from t h e i r source. 
Table 1, 
Pos i t i v e . Negative. 
Exhaust Gases. Open F i r e 3 . 
Chimney Sraoko. Wood F i r e s , 
Pulverised Coal Furnace. Pure Water Vapour 
(from metal nozzle). Steam (from Loco's and Gasworks), 
To conclude t h i s discussion of f i e l d variations i n 
fine weather, mention should be made of the p o s s i b i l i t y of 
e x t r a - t e r r e s t r i a l phenomenon affecting the ear t h 1 s e l e c t r i c 
f i e l d . Atmospheric e l e c t r i c a l measurements have been made 
dtiring solar e c l i p s e s and there seems to be evidence that 
the ef f e c t s of the ec l i p s e are f e l t by the e l e c t r i c a l 
elements. Typical r e s u l t s are those of Jones and Giececke 
(1949) who, l i k e others, found a f i e l d decrease during a 
p a r t i a l eclipse and a conductivity increase. Bauer(1923) 
believes that sunspot influence i s also f e l t but neither h i s 
conclusions nor those of, Cooper(1936), who found a 27-day 
f i e l d component, have met with much support. Broxton, 
Meridith and Strait (1933) have found a correlation between 
magnetic character, cosmic-ray i n t e n s i t y and f i e l d strength. 
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A detailed discussion of these e x t r a - t e r r e s t r i a l e f f e c t s may 
be found i n papers by Israel (1947) and Koenigsfeld(1953)• 
b) I l i s t and Fog. 
The presence of a wide-spread layer of mist or fog at or 
near the earth's surface may af f e c t a l l three e l e c t r i c a l 
elements. Generally the conductivity within the fog appears 
to be reduced to about one th i r d of i t s normal value and t h i s 
may lead to a reduction i n the value of the a i r - e a r t h current. 
Despite t h i s reduced current the f i e l d generally shows an 
increase within the fog because of the reciprocal r e l a t i o n 
between E and N. Inhomogeneous fog may give r i s e to complex 
space charge distributions, for i f the conductivity decreases 
with height, negative space charge w i l l be created and any 
subsequent overturning(austausch) of the fog layers may 
re s u l t i n a very variable f i e l d at the surface. This has 
been discussed by I s r a e l and Kaeerair(1952). 
Generally, records i n fog display smooth wave-like 
variations of a positive f i e l d , these a r i s e from the passage 
overhead of fog layers of varying density and thickness. 
However, on occasions, persistent negative f i e l d s have been 
found to occur i n misty or foggy weather, Chalmers and L i t t l e 
(194-7 ) • Subsequent investigation by Chalmers (1952) showed 
that negative charge i s liberated from high tension transmiss-
ion cables and may d r i f t downwind i n s u f f i c i e n t quantities to 
reverse the normal f i e l d over distances of some kilometres. 
u 
c) Disturbed Weather. 
While there are many general statements i n the l i t e r a t -
ure about the f i e l d during disturbed weather, Simpson(1949) 
was the f i r s t to publish an account of a detailed study of 
the e l e c t r i c a l elements under these conditions. His 
conclusions and findings, some of which have since been 
v e r i f i e d by Sivaramakrishnan(1952), are summarised i n the 
following paragraphs. 
i ) Steady Continuous Rain. 
Generally, the f i e l d i s negative i n sign and only 
undergoes minor variations of comparatively long periods. 
Such f i e l d s are c h a r a c t e r i s t i c of a "quiet" atmosphere; for 
example, i n advance of, or during the passage of, a warm 
front, or i n a warm sector. 
i i ) Variable Continuous Rain. 
As the active v e r t i c a l i n s t a b i l i t y of the atmosphere 
increases, so the variation of the associated f i e l d increases. 
At the passage of an occlusion the f i e l d may show alternate 
positive and negative values, whilst at the passage of a cold 
front these excursions may become very large and rapid. 
Simpson found that the i n t e n s i t y of the r a i n f a l l bears l i t t l e 
or no r e l a t i o n to the sign or the magnitude of the f i e l d , 
i i l ) Showers. 
As showers are the r e s u l t of rapid v e r t i c a l movements 
of a i r masses, they are usually accompanied by very variable 
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f i e l d s . Violent excursions of the f i e l d may occur; i n one 
case Simpson recorded both positive and negative f i e l d s of 
over 10,000v/m. I t i s in t e r e s t i n g to note that Simpson 
found no s i g n i f i c a n t difference between very active showers 
and thunderstorms, apart from the occurrence of lightning 
flashes i n the l a t t e r . 
i v ) Snow and Sleet. 
The f i e l d during steady snowfall shows the same general 
c h a r a c t e r i s t i c s as the f i e l d during steady r a i n . Two 
important differences appear to e x i s t . I n steady snowfall 
the f i e l d appears to be l i t t l e removed from i t s normal 
positive f i n e weather value; i n snow and s l e e t showers the 
f i e l d s frequently show even greater amplitudes and shorter 
periods than occur with r a i n showers. The largest f i e l d 
strength ever recorded by Simpson(20,OOOv/m) occurred 
during a snow shower. 
v) F i e l d Patterns. 
Simpson was the f i r s t to point out some of the remarkable 
forms of f i e l d variation that occur during disturbed weather. 
Two main class e s of pattern were revealed; the wave pattern 
and the symmetrical pattern. The former consists of a s e r i e s 
of more or l e s s regular waves. These range from waves which 
are i r r e g u l a r i n period and amplitude, to others which 
resemble a s e r i e s of harmonic waves of constant period and 
regularly varying amplitude. Such patterns are usually 
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associated with an overcast sky i n a "quiet" atmosphere, 
with or without precipitation. 
Symmetrical patterns of many forms are described by 
Simpson and t h e i r form and frequency of occurrence lead him 
to the conclusion that such variations are not j u s t random 
i n nature. Many of the patterns are symmetrical either i n 
time or about the zero f i e l d axis and appear si m i l a r to 
f i e l d patterns that would a r i s e from the passage overhead of 
horizontally separated positive and negative charges. Simpson 
gives no physical explanation of either the wave or the 
symmetrical patterns, 
d) The Thunderstorm. 
Despite the fact that the e l e c t r i c a l a c t i v i t y associated 
with thunderstorms i s both obvious and e a s i l y detected, the 
actual process of charge separation s t i l l remains uncertain. 
Investigations of the e l e c t r i c a l and physical structure of 
these storms has become rather a spe c i a l i s e d task and as such 
storms are r e l a t i v e l y rare i n K.E.England, i t was anticipated 
that l i t t l e opportunity would a r i s e for t h e i r study during 
the present work. I t must be emphasised that as yet there i s 
no concrete evidence to show that the difference between 
showers and thunderstorms i s not j u s t one of degree but of 
some fundamental difference i n the e l e c t r i c a l processes 
involved. Therefore, a study of shower phenomena might reveal 
important r e s u l t s which are d i r e c t l y applicable to the more 
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violent thunderstorm conditions. 
Much of the cred i t for investigations into the main 
structure of thunderstorms must go to Simpson and Robinson 
(1940) for t h e i r work with the alti-electrograph. They found 
that the average storm-cloud has an upper positive charge, 
situated i n a region w e l l below freezing point; a lower 
negative charge situated at about the freezing l e v e l and 
sometimes a t h i r d small,charge, positive i n sign and situated 
below the main negative charge. F i e l d measurements beneath 
thunder clouds generally support the above findings but such 
f i e l d s are usually very variable and there are frequent 
di s c o n t i n u i t i e s due to the transference of charge by 
lightning. 
American work has added considerably to t h i s picture, 
see for example Byers(1953)« They have shown that the 
thunderstorm i s e s s e n t i a l l y a dynamic phenomenon. Each storm 
may consist of a number of c e l l s , each of which i s defined by 
the v e r t i c a l a i r currents within i t . A single c e l l has a 
d e f i n i t e l i f e cycle s t a r t i n g from a general updraft stage and 
dying out i n a general downdraft stage. A single c e l l may 
have a l i f e of about one hour and may extend horizontally for 
about one kilometre. Using a micro-network of meteorological 
stations the Americans have shown that strong downdrafts may 
be co-existent with updrafts i n the one storm and that a 
d e f i n i t e sequence of meteorological disturbances can be 
associated with i t s passage. 
2.4 Ultra-short Period Variations. 
Dwight(1925) carried out an investigation to determine 
whether very short(less than one second) period variations 
occurred i n the earth's e l e c t r i c f i e l d . He found that the 
only variations of t h i s type were due to the transference of 
charge by lightning i n near or distant thunderstorms and i f 
other ultra-short variations do e x i s t , then they must have 
an amplitude l e s s than ldv/m. 
The form of the f i e l d v ariation that occurs when charge 
i s transferred by lightning i s w e l l described i n the 
l i t e r a t u r e , for example Wormell(1953), and does not come under 
the scope of the present work. 
<3 
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3.1 THE OBJECT OF RESEARCH. 
The aim of the present investigation i s simple i n 
statement; to determine the form and the cause of variations 
i n the e a r t h 1 s e l e c t r i c f i e l d as they occur i n both fi n e and 
disturbed weather. 
Owing to the complexity of the variations to be invest-
igated i t was not possible i n the early stages of the work 
to define p a r t i c u l a r objectives but as the Investigation 
progressed i t was hoped that s p e c i f i c problems would reveal 
themselves, so enabling subsequent work to be pre c i s e l y 
directed. I t seemed important, therefore, that the experi-
mental techniques used should be capable of coping with a 
wide range of e l e c t r i c a l and meteorological conditions. 
The f i r s t task was the design and construction of a 
f i e l d measuring instrument of s u f f i c i e n t v e r s a t i l i t y to 
s a t i s f y any normal requirement as might be expected when 
dealing with fine and disturbed weather conditions. By 
suitable application of t h i s and subsidiary instruments 
the work could then be concentrated on finding the cause or 
orig i n of the variations. 
No single experimental technique could be completely 
s a t i s f a c t o r y for a l l ranges of f i e l d variations. Invest-
igations which are concentrated on the long period(annual-
diurnal,etc. ) variations require f i e l d records covering 
long periods of time. As the records obtained during the 
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present investigation only cover an hour or so, only the 
short period variations can he studied s a t i s f a c t o r i l y . 
This l i m i t a t i o n i s not altogether an unwelcome r e s t r i c t i o n , 
for i n the past most of the correlation between f i e l d and 
weather has been made by comparing the f i e l d record with 
the synoptic weather chart occasionally supplemented by 
observers 1 notes. I n t h i s investigation, however, an attempt 
i s made to compare minute by minute the value of the f i e l d 
strength and the state of the sky above. 
One f i e l d measuring instrument i s s u f f i c i e n t for the 
type of investigation outlined above but the addition of 
further instruments greatly increases the scope of the 
experimental technique for the following reasons. Most, i f 
not a l l f i e l d variations are due to charge motion i n the 
atmosphere. Such motion may have both horizontal and 
v e r t i c a l components. I n the case of a charge which moves i n 
the lower atmosphere the eff e c t of i t s v e r t i c a l displacement 
i s to create a f i e l d disturbance which i s registered 
simultaneously at a l l points on the surface below. I n 
contrast the horizontal component of the charge motion gives 
r i s e to a progressive disturbance which t r a v e l s over the 
surface with the horizontal velocity of the charge. I f , 
therefore, the f i e l d i s measured at two or more separated 
points on the surface, i t should be possible to distinguish 
between disturbances which are simultaneous and those which 
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are progressive. For t h i s reason i t was intended to operate 
a second f i e l d measuring instrument horizontally displaced 
from the f i r s t . 
Although i n the past l i t t l e experimental x^ork has been 
concentrated on t h i s problem of charge motion, rao3t writers 
have assumed, and r i g h t l y so, that a great majority of f i e l d 
variations originate from the motion of windborne charges. 
Such a suggestion was f i r s t made by Lord Kelvin(l £ 8 4 ) but 
subsequent measurements have shown that not only i s i t 
impossible to explain a l l charge motion i n terms of wind 
velocity but that the r e s u l t s can be d i f f i c u l t to interpret 
and i n some cases completely contradictory. 
4. MEASUREMENT OF ELECTRIC FIELD. 
4.1 Simultaneous Measurement at Two S i t e s . 
From simple considerations there appears to be much to 
recommend a large separation between the two s i t e s at which 
the f i e l d i s to be measured. Kahler(1908) used separations 
of about a kilometre, which although desirable i n many 
respects, are too large for the present investigation. The 
Setting-up, c a l i b r a t i o n , synchronisation and maintenance of 
even two instruments separated by a kilometre or so, are not 
tasks e a s i l y carried out single-handed. A more convenient 
arrangement u t i l i s e s comparatively short distances of about 
100 metres. 
With separations of t h i s order, the delay times between 
progressive disturbances as measured at each s i t e are small, 
even for windborne charges. Delay times of ten seconds or so 
are involved, so that i t i s necessary to measure r e l a t i v e 
time to at l e a s t one or two seconds. Time resolution to t h i s 
accuracy presents serious synchronisation d i f f i c u l t i e s i f two 
t o t a l l y independent instruments are used. To avoid these 
d i f f i c u l t i e s the two f i e l d measuring instruments are arranged 
to record onto the same recording chart. I n order to resolve 
one second i n t e r v a l s on the chart, i t i s necessary that the 
chart speed be about 5 cm/min.- an unusually high speed for 
f i e l d records. 
Preliminary experiments were to be carried out with the 
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two instruments, approximately 100 metres apart, on a l i n e 
roughly p a r a l l e l with the surface wind direction. This 
required portable instruments, for they were to be moved 
from s i t e to s i t e as the wind shifted. I t also seemed 
important that the two instruments should be i d e n t i c a l i f an 
accurate comparison was to be made of t h e i r records. 
4.2 Instrument Requirements. 
I n laying down the instrument requirements, an attempt 
was made to specify an instrument which i s as v e r s a t i l e as 
possible. This v e r s a t i l i t y was stressed, for i t was not 
known just to what purpose the instruments were to be put 
u n t i l s p e c i f i c problems had been uncovered. The following 
requirements formed the basis for the choice of instrument 
type. 
a) The Instrument must provide a continuous indication of 
the strength of the f i e l d . I t must be capable of coping with 
large f i e l d s that accompany disturbed weather, yet have 
s u f f i c i e n t maximum s e n s i t i v i t y to enable f a i r weather 
variations to be studied i n d e t a i l . 
b) I t must indicate the sign of the f i e l d . 
c) I t must have a good short-period s t a b i l i t y and a response 
time of l e s s than one second. This was e s s e n t i a l for studies 
of the f a i r weather variations and for the f a i t h f u l reproduct-
ion of the rapid changes that occur i n disturbed weather. 
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d) The instrument must operate s a t i s f a c t o r i l y i n a l l 
normal weather conditions. 
e) I t s presence must cause as l i t t l e disturbance as possible 
to the natural e l e c t r i c a l state of the atmosphere. Also i t 
must not i n t e r f e r e with any other atmospheric e l e c t r i c a l 
measurements made i n the v i c i n i t y . 
f ) I t must be portable. The position of the instrument 
would be governed by wind dir e c t i o n . I n addition, i t would be 
an advantage i f the equipment was Independent of mains supplies 
for the occasion might a r i s e when i t was required to be 
operated,away from buildings. 
g) The instrument must be remote indicating. The outputs 
from two instruments were to be recorded on one camera. I t 
was considered very desirable that the information being 
recorded was also available i n some v i s u a l form. This proviso 
was added because i t was f e l t that an immediate and continuous 
di r e c t comparison of f i e l d and weather might prove valuable. 
4.3 Choice of Instrument Type. 
Two main methods are available for the continuous 
measurement of the earth's e l e c t r i c f i e l d . The f i r s t method 
ac t u a l l y gives the mean potential difference between two 
v e r t i c a l l y separated points, one of which i s generally the 
earth's surface. I f the probe or wire I s to acquire the 
potential of i t s neighbouring a i r i n a reasonably short time, 
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some provision must be made f o r the transfer of charge t o the 
probe. This charge transfer may be carried out f o r example 
by water drops, K e l v i n ( 1 # 5 5 ) - Considerable advance i n the 
water-dropper has been made since Kelvin*s day but although a 
portable instrument of t h i s type has been made by Lecolazet 
( 1 9 4 6 ) , i t was considered f a r too cumbersome f o r the present 
work. A more common form of colle c t o r u t i l i s e s the i o n i s a t i o n 
produced by a radio-active source. I n t h i s case the probe 
reaches the required p o t e n t i a l by v i r t u e of the increased 
conductivity o f the a i r i n the v i c i n i t y o f the probe. 
Although the radio-active c o l l e c t o r provides the simplest 
method of measuring the f i e l d i t suffers from one fundamental 
disadvantage. I t i s thought that the v i o l a t i o n of requirement 
e),(the c o l l e c t o r , by the very nature o f i t s purpose, must 
create charge) would lead t o d i f f i c u l t i e s when i n t e r p r e t i n g 
the recorded f i n e structure variations of small f i e l d s . 
Muhlelsen( 1 9 5 1 ) ( 1 9 5 3 ) has shown t h i s c r i t i c i s m i s j u s t i f i e d , 
f o r not only may the p o t e n t i a l of the probe depend t o some 
extent on both wind speed and d i r e c t i o n but also many of the 
f i n e structure variations i n i t s p o t e n t i a l are probably due t o 
the i r r e g u l a r motions of the ions produced by the c o l l e c t o r 
i t s e l f . There are other d i f f i c u l t i e s associated with the 
measurement of p o t e n t i a l , such as the provision of a wide 
range of s e n s i t i v i t i e s , the necessity f o r high i n s u l a t i o n and 
the provision of a short response time. The arrangements 
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used by Kasemir{1952 ) and Brewer ( 1 9 5 3 ) have overcome some of 
these d i f f i c u l t i e s . 
The other main method of f i e l d measurement i s an i n d i r e c t 
one i n that the density of bound charge i s measured and the 
f i e l d strength deduced, using £oE»cr. Here the energy required 
f o r the transfer of charge i s derived from some mechanical 
source, hence the name of mechanical c o l l e c t o r s . These 
mechanical coll e c t o r s have been developed along two l i n e s . 
The f i r s t form i s ba s i c a l l y a d.c.generator. A charge 
proportional t o the applied f i e l d strength i s induced on a 
conducting plate, i n i t i a l l y earthed. The earth connecter i s 
broken and the plate moved to a posit i o n screened from the 
f i e l d and shares i t s charge with an electrometer or the charge 
flows through a current measuring instrument. I f the plate i s 
then returned t o i t s o r i g i n a l p o s i t i o n and the above sequence 
of events rapidly repeated, a series of tai-directional 
current pulses w i l l flow from the c o l l e c t o r . The magnitude 
and sign of t h i s current i s d i r e c t l y related t o the magnitude 
and sign of the applied f i e l d . The f i r s t mechanical c o l l e c t o r 
b u i l t by Russe3ivedt(1925) was of t h i s form. 
A modern instrument of t h i s form, named the Agrimeter, 
has been designed by Chalmers (1953); as a current generator 
i t has a wide range of s e n s i t i v i t y , w i l l operate i n a l l 
weathers and possesses the great advantage of operating an 
in d i c a t i n g instrument d i r e c t l y . The output gives both 
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magnitude and sign of the f i e l d but i s d i r e c t l y proportional 
t o the motor speed. I t i s not altogether suited t o the 
present work however, f o r an Agrimeter that i s s u f f i c i e n t l y 
small t o be portable would not s a t i s f a c t o r i l y ooerate an 
in d i c a t i n g instrument over large distances without the as s i s t -
ance of power am p l i f i c a t i o n . The d i f f i c u l t i e s associated w i t h 
the a m p l i f i c a t i o n of small d.c.signals may be considerable and 
once i t becomes necessary t o resort t o am p l i f i c a t i o n , the 
Agrimeter type loses i t s main advantage. 
With the second form of mechanical c o l l e c t o r the d i f f i -
c u l t i e s associated with signal a m p l i f i c a t i o n are comparative-
l y small, f o r the instrument i s an a.e.generator. Here a 
fi x e d or moving conducting plate i s a l t e r n a t i v e l y exposed t o 
and screened from the f i e l d and the r e s u l t i n g charge that 
flows t o and from the plate provides a means f o r the determin-
ation of the magnitude of the f i e l d . I f the plate i s 
connected t o earth by an impedance then the amplitude of the 
al t e r n a t i n g voltage developed across t h i s impedance i s 
d i r e c t l y proportional t o the f i e l d strength. The power 
available i s usually too small f o r d i r e c t application but the 
addition of a conventional a»c.amplifier usually presents 
l i t t l e d i f f i c u l t y . By suitable design the output from the 
instrument can be made v i r t u a l l y independent of the motor 
speed and also the necessity f o r high i n s u l a t i o n can be avoid-
ed; two important properties so f a r as the present demands 
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were concerned. Theoretically t h i s form of instrument would 
appear t o s a t i s f y a l l the requirements as outlined i n the 
previous section. P r a c t i c a l l y the instrument may prove 
unreliable, f o r i t i s comparatively complicated and the 
necessity f o r providing an extra u n i t f o r the determination 
of the sign of the f i e l d w i l l add t o the possible sources of 
mechanical and electronic f a i l u r e . Despite these forseen 
d i f f i c u l t i e s i t was thought that the Fi e l d M i l l , the name by 
which t h i s form of co l l e c t o r i s popularly known, o f f e r s the 
best method f o r measurement of f i e l d over wide ranges and 
under a l l weather conditions, yet be small i n size and have 
very l i t t l e e f fect on the natural state of the atmosphere. 
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5- THE FIELD 1'iILL - DESIGN. 
5.1 General Plan. 
I n the previous sections reasons have been given f o r 
the construction of two i d e n t i c a l f i e l d m i l l s to be used 
f o r the simultaneous measurement of the earth's e l e c t r i c 
f i e l d at two points on the surface about 100m apart. I t 
was proposed t o connect the instruments by cable t o a central 
control room but, because of the frequent changes i n m i l l 
p o s i t i o n , i t was necessary t o keep the external equipment 
to a minimum and the cable weight low. 
The m i l l proper i s contained i n a small l i g h t box 
called the Head Unit, see F i g . l , which was placed at the 
actual s i t e where f i e l d measurements were t o be made. Within 
the Head Unit the signal and reference voltages are generated 
and then transmitted by 60m of cable t o the control room. 
Within the control room was the signal a m p l i f i e r , 
power supplies and the recording system. Both m i l l s can be 
operated from mains or battery supplies. 
I n the following sub-sections the various units of the 
f i e l d m i l l s are discussed i n d e t a i l . 
5.2 The Rotor-Stator Assembly. 
For constructional s i m p l i c i t y the r o t o r and stat o r vanes 
were cut as sectors of a c i r c l e so as to give a t r i a n g u l a r 
output waveform. A more e f f i c i e n t method uses vanes shaped 
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to give a sine-wave output, f o r example Pangs(1942), but 
i t i s f e l t t h a t the constructional d i f f i c u l t i e s associated 
w i t h t h i s type of vane outweigh the advantages. Malan and 
Schonland ts{1951) method has the merit of s i m p l i c i t y but 
lacks the e f f i c i e n t use of a l l the available r o t o r area. 
Before discussing the theory of the design, mention 
must be made of a paper by Dahl(195D which contains a 
survey of the design of sector-type m i l l s . Dahl's paper 
was received since the following theory was developed and 
although some of his conclusions are repeated here the 
methods of deriving these conclusions are d i f f e r e n t . 
Considering the vanes as sectors of a c i r c l e , then, 
from Fig.Za. , the area of each vane i s 
I f the stator vanes are f u l l y exposed t o a perpendicular 
e l e c t r o s t a t i c f i e l d of magnitude E, then the t o t a l bound 
charge i s given by 
where N i s the number of vanes. Assuming that when the 
ro t o r i s i n i t s scroening position the bound charge on 
the stator i s zero, then f o r an intermediate position of 
the r o t o r t h i s charge i s given by 
where u> i s the angular v e l o c i t y of the motor and t i s the 
time measured from the screening p o s i t i o n . Hence the 
( 5 , 1 ) 
( 5 . 2 ) 
( 5 . 3 ) 
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stator displacement current i s 
I = 6 o e M ( o ( ^ - ^ a ( 5 . 4 ) 
Considering the equivalent c i r c u i t shown i n Fig.2b where 
the stator has a t o t a l f i x e d capacitance C and a resistance 
F. t o earth, l e t the component of the displacement current 
i n the r e s i s t o r arm be l * and that i n the condenser arm U. 
Then 
X » I f + U ( 5 . 5 ) 
At time t the voltage across the condenser i s 
-yrn±f\*d*. ( 5 . 6 ) 
But wt=T-^ , therefore, 
I n t e g r a t i n g w i t h the condition tfco when fc=o wo have 
V - - I R ( l ~ e " t / R t ) (5 .S) 
Eq . ( 5 .&) gives the instantaneous voltage across C at any-
time during the f i r s t h alf-cycle. At the end of t h i s t = TT^W 
and the peak(half the peak-peak) voltage i s 
^ = I R ( I - e'^O/a ( 5 . 9 ) 
S i m i l a r l y the voltage at the end of the nth. half-cycle may 
be derived by in t e g r a t i n g Eq . ( 5 .7 ) w i t h the condition 
when t = o (\fp(M being the voltage at the beginning of the 
nth. h a l f - c y c l e ) . This proceedure gives 
Vpn - ^pl*-V* + I R ( l - t ) "L*+e (5 .10) 
I f now, the appropriate value of VpCn-0 i s substituted i n 
Eq . (5 .10) f o r n 1 , 2 , 3 . . .and noting that the sign of I changes 
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w i t h each successive half-cycle then the following series 
may be derived, 
•V>. =TRH - ' [ ! - * 3D - 0 ' + * X W V - J ( 5 . u ) 
I f ot<l then the series i s convergent and when summed gives 
(5.12) 
Equation (5.12) reveals some i n t e r e s t i n g characteristics 
of the output waveform. F i r s t consider the case when n-1. 
The peak voltage at the end of the f i r s t half-cycle i s 
as before. I f n=oo the f i n a l steady peak voltage i s 
v ^ ^ r R t i ^ Q (5.13) 
Hence the r a t i o of the peak value of the f i r s t half-cycle t o 
the steady peak value i s 
a L ± * (5.H) 
I f the e l e c t r i c f i e l d i s suddenly applied at t»0 then so long 
as dA\ , the f i r s t half-cycle has the same peak amplitude as 
the succeeding ones. Hence so f a r as the a l t e r n a t i n g component 
of the output voltage i s concerned the response time may be 
made negli g i b l e f o r p r a c t i c a l purposes. 
Returning t o Eq.(5.12) i f n i s expressed i n terms of 
time where t A i s the time occupied by n half-cycles then 
and 




Fig.3 i l l u s t r a t e s the e f f e c t of the exponential terra contained 
i n Eq.(5.15) and shows that i f the f i e l d i s suddenly applied 
at t=0 then the a l t e r n a t i n g component of the output i s super-
imposed on an exponentially decaying d.c. pulse of t i n e 
constant seconds. The ultimate e f f e c t of t h i s d.c. pulse 
depends on the characteristics of the a m p l i f i e r , r e c t i f i e r and 
recording systems and i t s ef f e c t w i l l be s i m i l a r t o that of a 
charged drop which i s discussed l a t e r . 
Eq. (5.13) of the l a s t section gives the output voltage 
from the r o t o r - s t a t o r assembly i n terms of f i e l d strength and 
other parameters. This equation i s now used as a guide to 
p r a c t i c a l design. Substituting f o r I and OL i n (5 .13) gives 
Now i t i s desirable that the steady state voltage V be 
l i n e a r l y related t o E i n the manner V=PE where P i s an 
instrument constant. Eq.(5.16) as i t stands does not appear 
t o meet t h i s requirement f o r variations i n motor speed and E 
may both have a d i r e c t influence on V. I n order to make V 
independent of b o t h ^ and R, i t i s necessary t h a t , 
t h a t i s , the time constant RC must be much greater than the 
period of the exposure-screening cycle. Assuming j j j j ^ . small 
then the exponential terms i n (5.16) may be expanded as a 
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series t o give, V — V * ' / r. -n ~ + . (x fcl 
neglecting and higher power terms, 
y = TH*& (5.19) Ac v / 
which i s of the form V=PE and V i s independent of both w and 
R but i s inversely proportional to the t o t a l capacitance of 
the stator. 
P r a c t i c a l values can be assigned t o the parameters i n 
Eq.(5.19) from the following considerations. I f the smallest 
f i e l d t o be measured i s lv/m and the smallest value of V that 
can be successfully amplified and detected i s O.lmv, then 
w i t h 1^ =6.75cm and r,=2.5cm (values appropriate t o a portable 
instrument) Eq.(5.19) gives, 
Having f i x e d t h i s l i m i t i n g value of C, some of the parameters 
i n (5*17) can now be assigned p r a c t i c a l values. 
In f i x i n g the value of R, the most important factor i s 
the e f f e c t of the voltage developed across t h i s r e s i s t o r by 
the g r i d current of the f i r s t valve(R being the g r i d - l e a k ) . 
I f t h i s g r i d current i s I g then the sta t o r w i l l be at a 
p o t e n t i a l Rig w i t h respect to earth and as the magnitude of 
I g may vary then the stator p o t e n t i a l may also vary. This 
stator p o t e n t i a l w i l l have a two-fold e f f e c t on the output. 
F i r s t l y , the number of l i n e s of force which terminate on the 
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s t a t o r w i l l depend p a r t l y on i t s p o t e n t i a l ; i n e f f e c t , 
s t a t o r p o t e n t i a l variations lead to changes i n the e f f e c t i v e 
exposure. Second and more important, there w i l l exist an 
e l e c t r o s t a t i c f i e l d between the r o t o r and the sta t o r which 
i s indistinguishable from the external f i e l d so f a r as the 
output i s concerned. An a l t e r n a t i v e approach considers the 
e f f e c t of changes i n the stator capacitance as the r o t o r 
moves. Let the mean capacity be Co and the variable 
component AC, then the peak a l t e r n a t i n g voltage across C i s 
given .by, 
^ - V ' (5.20) 
As AC varies at the same frequency as the exposure-screening 
cycle, then the ultimate r e s u l t of the g r i d current i s a 
spurious a l t e r n a t i n g voltage of the same frequency as the 
sig n a l . Therefore, I g must be as small as possible. 
I n the present instrument the f i r s t valve had a 
measured value of I g = 5x10 A. I f C» 2 5 0 ^ and AC - 1 2 ^ 
(measured value), then from Eq.(5*20), 
I f Vc i s to bo smaller than the voltage due to a steady 
applied f i e l d of say, 5v/m, then, 
R ^ I O 8 A 
With C*250 r rf and R - I O J I then Eq . ( 5 . 1 7 ) gives, 
So f a r as N i s concerned, there appears t o be an optimum 
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value. The larger N, the lower the necessary speed of 
r o t a t i o n , however, i f there are a large number of narrow 
vanes then the e f f e c t i v e exposure of each vane w i l l be poor. 
As a compromise, four vanes are used, so t h a t , 
I n practice<o=5 t000r.p.m., so the above condition i s s a t i s -
f i e d . I n s e r t i n g the f i n a l values i n Eq„(5.1&) gives, 
Hence a 10% change i n the nominal value of GO produces a .03$ 
change i n V. 
5.3 Effects of Air-earth and P r e c i p i t a t i o n Currents, 
Consideration must now be given to the e f f e c t s of 
v e r t i c a l atmospheric currents on the f i e l d m i l l . 
Rarely do p r e c i p i t a t i o n currents exceed 10 A/m and i n 
any case when such large currents occur they arc usually 
accompanied by large f i e l d s so that the percentage error due 
t o them can be kept small. I f the e f f e c t s of a current of 
10 A/m* are small then no trouble should be experienced w i t h 
the a i r - e a r t h current, f o r t h i s i s usually very much less. 
I n the ideal case the v e r t i c a l l y flowing current i s 
modulated by the r o t o r at a frequency equal t o t h a t of the 
exposure-screening cycle. The resultant stator current then 
consists of an a l t e r n a t i n g component superimposed on a d i r e c t 
component. Consider f i r s t the e f f e c t of the a l t e r n a t i n g 
Co 2 8 0 *.p-
V ' M * lo •oon* (5 .21) 
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component• 
During any half-cycle the t o t a l p r e c i p i t a t i o n current 
flowing i n t o the stator i s , 
where j i s the p r e c i p i t a t i o n current density. Hence the 
t o t a l charge flowing i n t o the stator during one half-cycle i s , 
Q . ft.it . ( 5 .22 ) 
Assuming th a t only a neg l i g i b l e quantity of t h i s charge leaks 
away during the half-cycle, then the voltage change across C 
i s 0 / C . Further, i t can be shown that the peak-peak voltage 
of the a l t e r n a t i n g component never exceeds Q /C. Using Eq. 
(5 .22 ) t h i s voltage can be expressed i n terras of an equiva-
l e n t steady f i e l d E j , where Ej i s given by, 
This r e s u l t reveals yet another advantage i n using a high 
r o t o r speed f o r the r e l a t i v e e f f e c t of p r e c i p i t a t i o n currents 
i s inversely proportional t o to. Substituting instrument 
values i n Eq . (5 .23) we f i n d that a current of 10 A/m1 prod-
uces an output which i s equivalent t o that produced by a 
f i e l d of less than lv/m. 
The steady d i r e c t current that flows through R i s given 
As the e f f e c t of t h i s current i s precisely the same as that 
due t o the g r i d current of the f i r s t valve, then obviously J 
2 ! 
must r e a c h extremely l a r g e values before i t s e f f e c t s over-
r i d e those of the g r i d c u r r e n t (5*10 A ) . 
I t must be s t r e s s e d a t t h i s point t h a t the preceeding 
d i s c u s s i o n s probably have l i t t l e a p p l i c a t i o n to p r a c t i c a l 
c o n d i t i o n s . The high r o t o r speed o f the m i l l s must cause 
c o n s i d e r a b l e d i s r u p t i o n of the l i n e s o f c u r r e n t flaw i n the 
v i c i n i t y of the a t a t o r . I n f a c t the r o t o r presents an almost 
impenetrable b a r r i e r t o the average s i z e r a i n d r o p . T h i s i s 
another point i n favour of high r o t o r speeds but on the other 
hand i t would be very unfavourable i f these high speeds 
r e s u l t e d i n the generation o f charge i n the v i c i n i t y o f the 
s t a t o r when the r a i n d r o p s are s h a t t e r e d ( L e n a r d E f f e c t ) . 
As i n d i v i d u a l drops must o c c a s i o n a l l y penetrate t o the 
s t a t o r , i t i s w e l l to make some determination as t o t h e i r 
e f f e c t s . On f a l l i n g onto the s t a t o r the drop w i l l g i v e r i s e 
t o a voltage pulse of peak amplitude q/C, where q i s the drop 
charge. T h i s voltage w i l l then decay w i t h a time constant o f 
RC(,025)secs. I f t h i s pulse i s t r a n s m i t t e d through a l l the 
u n i t s o f the m i l l without a t t e n u a t i o n , then the recorded 
p u l s e w i l l have a peak amplitude, the value of which may be 
expressed i n terms of e q u i v a l e n t steady f i e l d Ed, where Ed i s 
given by, 
fc ir*(*«:%) <5.24) 
Under c o n d i t i o n s o f no point d i s c h a r g e , i . e . , E^500v/m, a drop 
r a r e l y c a r r i e s a charge which exceeds 10 C(3xl0 esu)(Chalmers 
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-13 and Hutchinson ( 1 9 5 D ) . I f q=10 C, then from Eq . ( 5 . 2 4 ) , Ed-
4.0v/m. I n p r a c t i c e however, d.c. p u l s e s a r e c o n s i d e r a b l y 
attenuated by the r e c t i f i e r , so t h i s theory only r e p r e s e n t s 
the maximum p o s s i b l e e r r o r s due to i n d i v i d u a l drops. 
5.4 The P h a s e - s e n s i t i v e R e c t i f i e r , 
a ) The Schuster C i r c u i t . 
I n the l a s t s e c t i o n i t i s shown t h a t the m i l l proper 
generates an a l t e r n a t i n g voltage, the amplitude of which i s 
pr o p o r t i o n a l t o the magnitude o f the a p p l i e d f i e l d . I n t h i s 
s e c t i o n the p h a s e - s e n s i t i v e r e c t i f i e r i s d e s c r i b e d and t h i s 
u n i t determines the s i g n o f the f i e l d . 
I n the p a s t , other workers have used one of th r e e main 
methods f o r t h i s s i g n determination. The most popular method 
has been t h a t of mechanical r e c t i f i e d ! c a t i o n , u s i n g e i t h e r cam 
operated switches or a commutator l i k e t h a t of K i r k p a t r i c k 
and IIiyake ( 1 9 3 2 ) . I n view of the f a c t t h a t the motor speed 
i s over 5,000r.p.n. i t was f e l t t h a t mechanical r e c t i f i c a t i o n 
might prove u n r e l i a b l e i f a p p l i e d to the present m i l l s . 
Phase d i s c r i m i n a t i o n may a l s o be obtained by the a l g e b r a i c 
a d d i t i o n o f the s i g n a l voltage to a r e f e r e n c e voltage o f 
f i x e d amplitude, Rangs (1942) . However, t h i s method i n v o l v e s 
the d i f f i c u l t i e s a s s o c i a t e d w i t h b u i l d i n g a r e f e r e n c e gener-
a t o r w i t h the necessary voltage s t a b i l i t y and under c e r t a i n 
c o n d i t i o n s may give an output t h a t i s ambiguous i n s i g n . 
F i g . 4 The Schuster C i r c u i t - Equiv. Diagram. 
MX* 
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F i g . 5 The Schuster C i r c u i t - A P r a c t i c a l Form. 
4 0 
The t h i r d method i n v o l v e s e l e c t r o n i c s w i t c h i n g and t h i s i s 
the system used i n the present c a s e . 
The a p p l i c a t i o n of e l e c t r o n i c p h a s e - s e n s i t i v e r e c t i f i c -
a t i o n t o f i e l d m i l l s appears t o have been i n i t i a t e d by Maple-
son(1953) and i t i s f e l t t h a t t h i s technique i s worthy o f 
f u r t h e r development. From the many published p h a s e - s e n s i t i v e 
r e c t i f i e r c i r c u i t s the one t h a t appears b e s t s u i t e d t o the 
present need3 i s t h a t o f Schuster(1951). A l l the "pu s h - p u l l " 
c i r c u i t s considered contained some form of " t w i n - s e c t i o n " , 
f o r examplo, the c i r c u i t a t some point d i v i d e d i n t o two 
s i m i l a r arms. G e n e r a l l y d i f f e r e n c e s between the e l e c t r i c a l 
c h a r a c t e r i s t i c s o f the s e c i r c u i t arms l e a d to e r r o r s i n the 
form of n o n - l i n e a r i t y or z e r o - d r i f t . However, the Schuster 
c i r c u i t has been designed so as to keep th e s e e r r o r s s m a l l . 
F ig.4 g i v e s the e q u i v a l e n t c i r c u i t o f the Schuster 
r e c t i f i e r and i t s mode of operation i s as f o l l o w s . L e t i be 
the output c u r r e n t from the m i l l a m p l i f i e r , where i v a r i e s 
p e r i o d i c a l l y w i t h an amplitude p r o p o r t i o n a l t o f i e l d 
s t r e n g t h . When i n the c l o s e d p o s i t i o n the two swi t c h e s Sf 
and Sa have a r e s i s t a n c e Rs, and R s 2 r e s p e c t i v e l y . When the 
m i l l s t a t o r i s f u l l y exposed t o the f i e l d , S 2 i s open w h i l e 
S» i s c l o s e d . When the s t a t o r i s f u l l y screened the s w i t c h 
p o s i t i o n s a r e r e v e r s e d . For a p o s i t i v e e l e c t r i c f i e l d l e t 
i be a t a maximum value when the s t a t o r i s exposed so t h a t 
w i t h the s t a t o r screened, i i s a t a minimum. Hence, as the 
u 
r o t o r r o t a t e s , p o s i t i v e h a l f - c y c l e s of c u r r e n t flow up the 
l e f t h a n d arm and negative h a l f - c y c l e s down the righthand arm. 
I f t h i s sequence of events i s r a p i d l y repeated and the 
smoothing adequate, then a steady c u r r e n t w i l l flow up one 
arm and down the other. Hence the p o t e n t i a l d i f f e r e n c e t h a t 
w i l l e x i s t between po i n t s A and a' i s d i r e c t l y p r o p o r t i o n a l 
t o i ( h e n c e f i e l d s t r e n g t h ) and the s i g n of t h i s p.d. w i l l 
change w i t h a change i n s i g n of the f i e l d . 
A l t e r a t i o n s i n the value of the s w i t c h r e s i s t a n c e Rs 
might give r i s e t o n o n - l i n e a r i t y or z e r o - d r i f t . T h i s danger 
has been avoided by Schuster by i n t r o d u c i n g a common s e r i e s 
r e s i s t o r Ra, where R a » R s , so t h a t the c u r r e n t i n the s w i t c h -
i n g arms depends p r i m a r i l y on Ra and only t o a sma l l extent 
on E s . 
Fig.5 shows a p r a c t i c a l form of the r e c t i f i e r . V$. i s a 
high impedance pentode (ra=l*a.) and r e p l a c e s Ra of F i g . 4- , V6<x 
and Vsv, a r e the s w i t c h i n g t r i o d e s f r a * ? * * ) . The r e f e r e n c e 
voltage i s fed to the primary o f the s w i t c h i n g transformer T, 
the secondary of which i s arranged so t h a t when one t r i o d e i s 
c u t - o f f the other i s conducting. Eu. a r e the f i x e d compon-
ents o f the anode load , w h i l s t Rv permits the adjustment of 
the d.c. output l e v e l . Grid c u r r e n t s , l i m i t e d by E-g , flow 
i n c l o s e d loops so do not a f f e c t the output. S i m i l a r l y , 
normal changes i n H.T. voltage a r e balanced out w i t h i n the 




Fig.6 The I n c l u s i o n of the Schuster C i r c u i t 
i n t o a Feedback Loop. 
* 
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i s t h a t the s i g n a l i s a m p l i f i e d i n the process of r e c t i f i c a t -
i o n . 
b) The Modified Schuster C i r c u i t . 
As the output from the m i l l proper r e q u i r e s a m p l i f i c a t -
i o n before the s i g n a l can be fed t o the r e c t i f i e r , then i f 
only f o r reasons of gain s t a b i l i t y , a negative feedback 
a m p l i f i e r i s c a l l e d f o r . The primary purpose of the feedback 
system i s to s t a b i l i s e the s i g n a l c u r r e n t i n the anode 
c i r c u i t of a g a i n s t both changes i n the p r o p e r t i e s of the 
a m p l i f i e r and i n the c h a r a c t e r i s t i c s o f V* i t s e l f . Hence, 
the feedback voltage Vf- must be p r o p o r t i o n a l t o the s i g n a l 
c u r r e n t i n V* . The s i m p l e s t way of d e r i v i n g t h i s voltage i s 
t o i n s e r t an undecoupled r e s i s t o r i n the cathode l e a d . As 
the a l t e r n a t i n g component of the cathode c u r r e n t i n V^ . 
c o n s i s t s o f both anode and s c r e e n c u r r e n t s , i t i s d e s i r a b l e 
t h a t the s c r e e n c u r r e n t should not flow through the feedback 
r e s i s t o r . To avoid t h i s d i f f i c u l t y a s c r e e n decoupling 
c a p a c i t o r Cs i s i n s e r t e d as shown i n F i g . 6 . 
The i n c l u s i o n of par t of the r e c t i f i e r i n t o a feedback 
network improves i t s performance as may be shown i n the 
f o l l o w i n g manner. 
L e t t h e r e be an a m p l i f i e r o f gain A coupled t o the 
r e c t i f i e r as shown i n F i g . 6 . Also l e t , 
V i - Applied Input Voltage. 
Va • A m p l i f i e r Output Voltage. 
U3_ 
Vo a F i n a l Output Voltage. 
Vf = Feedback Voltage. 
I f Vf=-/3Vo, then (3 i s the f r a c t i o n of the output voltage 
t h a t i s fed back to the input i n r e v e r s e phase. Fig.6 g i v e s 
the equivalent c i r c u i t of the VH stage and the stage gain 
may be w r i t t e n d i r e c t l y a s , 
= -J±*± _ X ( 5 . 2 5 ) 
where fx and P.a are the a m p l i f i c a t i o n f a c t o r and the anode 
impedance of V^ ., r e s p e c t i v e l y . The e f f e c t i v e input v o l t -
age to the a m p l i f i e r i s , 
Hence, Va. - ^ ( ^ 1 « A ( V i - ( W 0 ) (5.26) 
Combining E q s . ( 5 . 2 5 ) and (5. 2 6 ) the o v e r a l l gain with feed-
back i s given by, 
As mentioned p r e v i o u s l y , the advantages of the Schuster c i r c u i t 
r e s u l t from the i n t r o d u c t i o n of a common s e r i e s r e s i s t o r of 
magnitude much greate r than t h a t of the switch r e s i s t a n c e 
Rs. before the i n c l u s i o n of the r e c t i f i e r i n t o the feed-
back loop, t h i s common r e s i s t f c r had a value Ra. Having 
included the r e c t i f i e r i n t o the loop, E q . ( 5 . 2 7 ) shoivs t h a t 
t h i s s e r i e s r e s i s t o r has been supplemented by the e x t r a term 
fcf + ju.(i+ft)j . With A-10 ,yu.= 10 3 and Kf»ltt*, t h i s new 
impedance has a value of about IOJL SO th a t the e f f e c t c 
changes i n the impedance of the switching v a l v e s ( K s ) on 
the r e c t i f i e r a r e f u r t h e r reduced by the feedback arrangement. 
5.5 The Reference Generator. 
The i d e a l r e f e r e n c e voltage generator f o r the Schuster 
r e c t i f i e r should provide a square-wave output of about 10-20v 
peak. T h i s output must be synchronised w i t h the s i g n a l 
voltage of the m i l l , w i t h p r o v i s i o n f o r v a r y i n g the phase 
r e l a t i o n between s i g n a l and r e f e r e n c e v o l t a g e s . 
Two types of generator were considered, the electromag-
n e t i c type and the e l e c t r o s t a t i c . There i s l i t t l e doubt t h a t 
the electromagnetic type would have proved the more r e l i a b l e 
but owing to the r e s t r i c t e d space a v a i l a b l e i n the Head Unit, 
i t s c o n s t r u c t i o n may have proved d i f f i c u l t . On the other 
hand, the choice of an e l e c t r o s t a t i c type f a c i l i t a t e d easy 
design and c o n s t r u c t i o n . P r e v i o u s l y , Schwenkhagen(1943), 
e l e c t r o s t a t i c generators have been b u i l t i n the form of a 
s m a l l f i e l d m i l l o perating i n a f i x e d f i e l d . However, i f the 
main m i l l and the r e f e r e n c e m i l l are on the same s h a f t and 
share the same e a r t h i n g brush, t h e r e i s the danger of e l e c t -
r i c a l i n t e r a c t i o n o c c u r r i n g between the two m i l l s . To avoid 
t h i s , the present generator i s designed so t h a t i t i s e l e c t r i -
c a l l y i s o l a t e d from the motor and does not r e q u i r e an e a r t h i n g 
brush. 
F i g . 7 shows the p r i n c i p l e of operation of the generator. 
I f q i s the charge on the condenser a t time t , then, 
R 









Fig«# The Reference Generator - Construction. 
L e t c' i n c r e a s e l i n e a r l y w i t h time such t h a t c f=Ct, then, 
Vb = Sf- R 
The s o l u t i o n of which i s , 
Q « VfcCfc -v COH«T. 
> I + RC 
Hence, 
\ i-RC 
and ( 5 .23) 
-\>V-Vb.C.R. ^ R C « M 
A p r a c t i c a l arrangement based on the above p r i n c i p l e i s 
shown i n F i g . 8 . Vanes AA» and BB* form the generator s t a t o r . 
Vanes AA» are connected t o the p o s i t i v e H.T. supply, w h i l s t 
vanes BB* are connected t o the negative l i n e ( e a r t h ) by the 
r e s i s t a n c e R. The r o t o r c o n s i s t s of four vanes s i m i l a r to 
those of the s t a t o r , except t h a t adjacent vanes are connected 
t o form two e l e c t r i c a l l y i s o l a t e d p a i r s . Any change i n the 
c a p a c i t a t i v e l inkage between the A and B vanes of the s t a t o r 
w i l l r e s u l t i n a c u r r e n t through R. Such l i n k a g e changes 
occur when the r o t o r r o t a t e s . The capacitance between the A 
and B vanes i s represented by c T i n Fig.Y and as c f i n c r e a s e s 
and decreases four times f o r every r e v o l u t i o n of the motor 
s h a f t , thens appears a c r o s s R an a l t e r n a t i n g voltage which i s 
i n synchronism w i t h the s i g n a l v o l t a g e . 
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As, 
^ ZJT I x V (5.29) 
then from the dimensions given i n F i g . 8 , 
With and Vb = 260v, then from Eq.(5.23), V»»3v and 
-1 
E C s l . 2 x l 0 s e c s . As t h i s voltage i s r a t h e r too s m a l l to be 
a p p l i e d d i r e c t l y t o the g r i d s of the s w i t c h i n g v a l v e s , a 
s w i t c h i n g transformer i s used which has a t u r n s r a t i o of 1:3, 
so t h a t the a c t u a l voltage a p p l i e d to the g r i d s of V S^^ H i s 
about 10v. 
The phase r e l a t i o n between VH and the s i g n a l voltage 
depends on the r e l a t i v e angular p o s i t i o n on the motor s h a f t 
of the r e f e r e n c e and main r o t o r s . I f the main r o t o r i s screw-
ed f i r m l y t o the motor s h a f t , then the c o r r e c t phase r e l a t i o n 
can be e s t a b l i s h e d , merely by a d j u s t i n g the p o s i t i o n of the 
r e f e r e n c e r o t o r . 
5.6 The A m p l i f i e r . 
The most s u i t a b l e form of r e c o r d i n g instrument f o r the 
f i e l d m i l l s would be a multi-channel penrecorder but although 
t h i s was not a v a i l a b l e f o r the present work, the a m p l i f i e r i s 
designed to d r i v e such an instrument. A comparatively l a r g e 
power output has other advantages, f o r example r the r e c t i f i e r 
i s more r e l i a b l e a t l a r g e s i g n a l v o l t a g e s and the output can 
be monitored w i t h a robust moving-coil meter. 
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The a m p l i f i e r g a i n w i t h feedback i s given by Eq.(5.27), 
ii h i c h may be w r i t t e n i n the form, 
VJ. Ra. Rs •» Re < ^ \ 
I t w i l l be n o t i c e d t h a t as h*a> so Gf-»Et sJL. T h i s r e s u l t 
s a t i s f i e s the general equation of the e f f e c t of negative 
foedback on an a m p l i f i e r , f o r under c e r t a i n l i m i t i n g c o n d i t -
io n s the gain becomes dependent s o l e l y on the values of 
c e r t a i n r e s i s t o r s and v i r t u a l l y independent of the v a l v e 
or supply c h a r a c t e r i s t i c s . 
To achieve the r e q u i s i t e gain s t a b i l i t y i t i s necessary 
t h a t , 
ft* + Rfr + Rw ^ _ J ^ 5 ^ | 0 - 2 
T h i s ensures t h a t changes i n A or g w have only a n e g l i g i b l e 
e f f e c t on the o v e r a l l g a i n . Knowing the value of Ru/R f from 
the choice of gain and the value of gm, the value of A(gain 
without feedback) can be determined. T h i s was found t o be 
not l e s s than 700, a value e a s i l y achieved by u s i n g two valv e 
stages p r i o r t o the r e c t i f i e r . 
No mention has y e t been made of the r e q u i r e d frequency 
4« 
response of the a m p l i f i e r . The F o u r i e r s e r i e s f o r a t r i a n -
g u l a r wave may be represented by, 
From the values of the c o - e f f i c i e n t s i t i s obvious t h a t 
only the fundamental and f i r s t harmonic are of primary 
importance, hence a f l a t frequency response between 300 
and lOOOcps should be adequate. I t was thought t h a t the 
l a r g e feedback f a c t o r employed would ensure t h i s response. 
I n designing the c i r c u i t d e t a i l s of the a m p l i f i e r 
s p e c i a l c o n s i d e r a t i o n was paid to the value of both gain 
and p h a s e - s h i f t a t a l l f r e q u e n c i e s , f o r i t i s important 
wise p o s i t i v e feedback occurs and the c i r c u i t becomes o s c i l -
l a t a r y . 
I Co* 9K a s I T 
t h a t <K|(Wyquist a t a l l f r e q u e n c i e s C r i t e r i o n ) other 
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6. THE FIELD MILL - CONSTRUCTIONAL DETAILS AMD PERFORMANCE. 
6.1 The Head U n i t . 
When choosing a s u i t a b l e motor f o r the M i l l i t was f e l t 
t h a t i n the long run i t would be b e t t e r to use a low voltage 
d.c. motor which would operate from b a t t e r i e s and hence avoid 
the danger of 50 cps pick-up by the s t a t o r . A s u i t a b l e motor 
was found i n a Government s u r p l u s 27v. shunt-wound motor, i t s 
double ended s h a f t g i v i n g a 1.7oz/in. tourque a t 5,700 r.p.m. 
F i g s . 9 and IO show the s a l i e n t f e a t u r e of the Head U n i t . 
A s t e e l c r a d l e s e r v e s both to hold the motor i n a v e r t i c a l 
p o s i t i o n and t o a c t a s an electromagnetic s c r e e n between the 
v a l v e s and the motor. To reduce the e f f e c t of motor v i b r a t -
i o n s on the a d j o i n i n g v a l v e s , i t i s mounted on four a n t i -
v i b r a t i o n mounts. The upper s h a f t of the motor c a r r i e s the 
main r o t o r , the lower s h a f t the r e f e r e n c e generator r o t o r . 
Both the main r o t o r and s t a t o r a r e made from 16g. chromium-
p l a t e d b r a s s sheet. The s t a t o r i s mounted on four polystyrene 
i n s u l a t o r s shaped so t h a t t h e i r s u r f a c e leakage path i s l a r g e . 
A l l four i n s u l a t o r s a r e protected from d r i v i n g r a i n by an 
aluminium r i n g - s h i e l d , w h i l s t a d d i t i o n a l p r o t e c t i o n i s 
provided by surrounding each i n s u l a t o r by a short polystyrene 
tube. 
Two spring-loaded carbon brushes b e a r i n g onto a copper 
c o l l a r screwed t o the motor s h a f t form the e a r t h i n g d e v i c e . 
One brush was found t o be inadequate because of s l i g h t 
•MO* 4IO K rVWVW* Input 
Cathode Follower. 
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e c c e n t r i c i t i e s i n the s h a f t . 
A d d i t i o n a l a n t i - v i b r a t i o n precautions a r e taken by 
mounting the two v a l v e s contained w i t h i n the Head Unit on a 
s m a l l f l o a t i n g c h a s s i s suspended w i t h i n the main framework by 
four l i g h t s p r i n g s . 
Each s i d e of the main framework i s covered by a detach-
a b l e panel i n order t o f a c i l i t a t e easy maintenance. When 
assembled, the Unit forms a r e c t a n g u l a r box of 25x15x15cm. 
6.2 The Input and Reference Cathode F o l l o w e r s . 
By v i r t u e of i t s good anti-microphonic p r o p e r t i e s , the 
Mullard E.F.37A was chosen f o r the input cathode f o l l o w e r . 
Operated as a t r i o d e a t reduced heater and anode p o t e n t i a l s , 
the g r i d c u r r e n t may be reduced to a s u f f i c i e n t l y low v a l u e . 
Using the v a l u e s of the various c i r c u i t elements a s given 
i n F i g . I I , the stage gain i s approximately 0.8, wi t h an output 
impedance of 2,000*. The 60m. of c o - a x i a l cable connecting 
the Head Unit t o the a m p l i f i e r p r e s e n t s a r e a c t i v e load t o the 
cathode f o l l o w e r of 120KJV a t 300 cps. A 10$ change i n motor 
speed produces a corresponding change i n load impedance and 
hence a 0.2% change i n s i g n a l voltage amplitude. The purpose 
of the cathode f o l l o w e r i s , of course, t o i s o l a t e the s t a t o r 
from the c a b l e c a p a c i t y . 
I n order t o keep the cable weight low, the 27v. supply 
l i n e to the Head Unit s u p p l i e s both the motor and the v a l v e 
I — i 
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h e a t e r s . T h i s method has the a d d i t i o n a l advantages t h a t no 
50 cps s u p p l i e s a r e fed t o the U n i t . As the r e f e r e n c e 
generator has a very high output impedance, i t i s necessary t o 
i s o l a t e the generator from the load presented by the connect-
i n g c a b l e . F i g . II shows the conventional cathode f o l l o w e r 
c i r c u i t used. The e f f e c t i v e r e s i s t a n c e of R i s about 3NA due 
t o i t s i n c l u s i o n i n t o the negative feedback loop o f the v a l v e . 
6.3 The A m p l i f i e r . 
Fig.lfc shows a s i m p l i f i e d c i r c u i t o f the t h r e e stage 
negative feedback a m p l i f i e r , the negative feedback i s a p p l i e d 
by i n t r o d u c i n g a common cathode load Rf i n t o the cathode l e a d s 
of V a and V^, As t h e g a i n w i t h feedback i s approximately 
i n v e r s e l y p r o p o r t i o n a l t o the value of Rf, the d i f f e r e n t 
v a l u e s of gain a r e obtained simply by the a l t e r a t i o n of t h i s 
r e s i s t o r . 
Fig.(3 shows the a m p l i f i e r c i r c u i t i n d e t a i l . The 
amplitude o f the s i g n a l voltage fed to the a m p l i f i e r i s 
c o n t r o l l e d by an input potentiometer which s e l e c t s v a r i o u s 
f r a c t i o n s (1/1, 1/2, 1/6, 1/10, lf»,(earthed)) of the s i g n a l 
voltage t h a t i s developed by the Head U n i t . I n general the 
c i r c u i t i s conventional f o r an audio frequency a m p l i f i e r . To 
combat o s c i l l a t i o n the f i r s t stage i s designed so t h a t i t s 
band pass i s wide, whereas the seeond stage has a comparative-
l y narrow band pass, Terman{1943). Sjj i s t h e g a i n s e l e c t o r 
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and f o r the values of Rf given i n Fig.13 the d.c. output from 
the r e c t i f i e r i s a p p r o x i m a t e l y ^ Ov f o r a p p l i e d f i e l d s of *50, 
1100,1200,1500v/m r e s p e c t i v e l y . The * 50* gain p o s i t i o n was 
seldom used because i t i s not r e l i a b l e . I f the gain c o n t r o l 
i s s e t a t the »500* p o s i t i o n and i f the f r a c t i o n of the s i g n a l 
fed to the a m p l i f i e r i s s e l e c t e d by means of the input potent-
iometer, the f u l l s c a l e meter d e f l e c t i o n can be obtained f o r 
f i e l d s of i500,11000,i3000,±5000v/m. By combining the two 
s e l e c t o r s w i t c h e s , a l a r g e degree of s e n s i t i v i t y c o n t r o l i s 
a v a i l a b l e , so ensuring the maximum p o s s i b l e d e f l e c t i o n f o r a 
wide range of f i e l d 'strengths and hence a gr e a t e r accuracy i n 
the measurement of time d e l a y s . 
Two i d e n t i c a l a m p l i f i e r s a r e b u i l t onto the one c h a s s i s 
and share the same power s u p p l i e s . There appears to be no 
app r e c i a b l e i n t e r a c t i o n between the two c i r c u i t s . 
6.K The P h a s e - s e n s i t i v e R e c t i f i e r . 
T h i s has been d i s c u s s e d i n p r i n c i p l e i n 5.4 and the 
transformation from paper to p r a c t i c e was quite s t r a i g h t -
forward. Some car e had t o be e x e r c i s e d i n choosing a v a l v e 
s u i t a b l e f o r the s w i t c h i n g d u t i e s , f o r p a r t i c u l a r c h a r a c t e r -
i s t i c s a re c a l l e d f o r . I t i s important t h a t the d i f f e r e n t i a l 
c h a r a c t e r i s t i c s between the two t r i o d e s remain as s m a l l as 
p o s s i b l e and each t r i o d e must have a low anode impedance. 
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a double t r i o d e v a l v e w i t h a common cathode as found i n the 
Mullard ECG 91(ra-7K/0. 
The s w i t c h i n g transformer was picked from stock and 
operates with i t s primary tuned to 300cps i n order t o 
attenuate the unwanted f r e q u e n c i e s produced by the r e f e r e n c e 
generator. 
On the output s i d e of the r e c t i f i e r the r i p p l e i s 
f i l t e r e d o f f by the condensers which shunt the anode l o a d s . 
The time constant of the f i e l d m i l l as a whole i s p r i m a r i l y 
dependent on the values of these c a p a c i t o r s and the anode 
load r e s i s t o r s and wi t h the values given i n Fig.t(+ the 
response time i s about O . l s e c . 
As the output impedance of the r e c t i f i e r i s too great t o 
operate a robust meter d i r e c t l y , an output cathode f o l l o w e r 
stage had to be added, g i v i n g a f i n a l maximum output voltage 
of 25v i n t o 2,000A. 
6.5 Power S u p p l i e s . 
A modified ex-R.A.F. power u n i t i s used to supply the 
H.T. and heater c u r r e n t s . M o d i f i c a t i o n s to the u n i t c o n s i s t -
ed of r e p l a c i n g the o r i g i n a l power transformer w i t h one of 
l a r g e r secondary output voltage and a voltage s t a b i l i s e r was 
added. A f t e r m o d i f i c a t i o n , the u n i t supplied H.T. cu r r e n t a t 
280v±5v f o r the c u r r e n t range of 0-50ma. 
Fig.15 g i v e s the c i r c u i t d e t a i l s of a s p e c i a l l y 
US* \0H. 10 M. 
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2«© V61»« O-flO MA. 
F i g . 15 The Power Supplies 
• 
5k 
constructed low voltage d.c. power u n i t which s u p p l i e s the 
Head U n i t s . The c i r c u i t shows the orthodox arrangement of 
a power transformer and n e t a l r e c t i f i e r t o give 28v, 2.2A 
u n s t a b i l i s e d output. 
I n the event of the instruments being r e q u i r e d t o oper-
a t e away from mains s u p p l i e s , the two power u n i t s may be 
re p l a c e d by a 2f$v b a t t e r y supply. By r e w i r i n g the val v e 
h e a t e r s i n a s e r i e s - p a r a l l e l arrangement they may be connect-
ed d i r e c t to the 2&v supply and the H.T. voltage may be 
de r i v e d from a 28v Dynamotor. 
6.6 Performance and C a l i b r a t i o n . 
I n g e n e r a l , l a b o r a t o r y t e s t s on each u n i t of the f i e l d 
m i l l showed t h e i r performance to be s a t i s f a c t o r y . I t i s 
proposed t h e r e f o r e , t o d i s c u s s only the short-comings of 
the instrument and f a c t o r s i n i t s behaviour which were 
unexpected. 
F i g . 16 shows a t y p i c a l graph r e l a t i n g output voltage and 
a p p l i e d f i e l d s t r e n g t h . Some n o n - l i n e a r i t y i s evident but 
t h i s i s reduced a t loxirer s e n s i t i v i t i e s , f o r when the a p p l i e d 
f i e l d i s s m a l l , the s i g n a l waveform i s d i s t o r t e d . From Fig.lb 
• i t i s seen t h a t when the a p p l i e d f i e l d i s zero the output 
corresponds to a f i e l d of about -20v/m(all f i e l d s t r e n g t h s 
ar e given f o r the m i l l operated f l u s h w i t h a l a r g e conducting 
s u r f a c e ) . T h i s spurious output i s probably due to a contact 
DC. 
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p o t e n t i a l d i f f e r e n c e between tho s u r f a c e s of the r o t o r and 
s t a t o r vanes and e x i s t e d d e s p i t e the f a c t t h a t both s e t s of 
vanes were chromium p l a t e d , f o l l o w i n g the p r a c t i c e of Lueder 
(1943). Known f i e l d s may be a p p l i e d to the m i l l s by means 
of a c a l i b r a t i n g p l a t e which f i t s i n t o l u g s b u i l t onto the 
Head U n i t . T h i s p l a t e was a l s o p l a t e d w i t h chromium and 
when earthed the f i e l d between i t and the s t a t o r was <lv/m. 
At about f o r t n i g h t l y i n t e r v a l s the spurious output was 
measured and Fig.17 shows the i n t e r e s t i n g v a r i a t i o n of t h i s 
output w i t h time. Presumably the v a r i a t i o n s are due t o 
changes i n the s u r f a c e p r o p e r t i e s of th© p l a t i n g . Wo s h o r t -
term e f f e c t s could be a t t r i b u t e d to r a i n contaminating the 
p l a t i n g and no change i n the output occurred when a l t e r n a t e 
e a r t h i n g methods were t r i e d . 
Although the a m p l i f i e r proved s a t i s f a c t o r y , the 
performance of the r e c t i f i e r f a i l e d t o l i v e up t o a l l the 
design e x p e c t a t i o n s . I t had been a n t i c i p a t e d t h a t the 
output voltage would be v i r t u a l l y independent of r e f e r e n c e 
generator voltage but i n p r a c t i c e i t was found t h a t the out-
put v a r i e d by about 10$ a t f u l l s c a l e d e f l e c t i o n f o r a 20$ 
change i n V*. T h i s d e f e c t i s probably due t o two causes; 
the amplitude of r e f e r e n c e voltage i s too s m a l l , and the 
two h a l v e s of the secondary winding of the s w i t c h i n g t r a n s -
former a r e not c a p a c i t a t i v e l y balanced w i t h r e s p e c t to 
e a r t h , r e s u l t i n g i n g r i d waveforms which a r e not q u i t e i n 
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quadrature. F o r t u n a t e l y the r e f e r e n c e generator i s fed 
from a s t a b i l i s e d H.T. source so t h a t v a r i a t i o n s i n i t s 
output a r e s m a l l . O c c a s i o n a l l y the r e f e r e n c e voltage would 
f l u c t u a t e v i o l e n t l y and the t r o u b l e was t r a c e d t o p a r t i c l e s 
o f d i r t between the generator vanes. T h i s t r o u b l e was 
e a s i l y i d e n t i f i e d and remedied by c l e a n i n g . 
Both m i l l s operated s a t i s f a c t o r i l y i n a l l weather 
c o n d i t i o n s except those of heavy thunderstorm r a i n , when 
the i n s u l a t i o n g e n e r a l l y broke down. During very heavy r a i n 
t h e output appears"grassy" due t o the e f f e c t of drop charges 
and the momentary b r i d g i n g of the main r o t o r and s t a t o r by 
r a i n d r o p s . The above d e f e c t s were not s e r i o u s and i f f u t u r e 
work r e q u i r e s the m i l l s t o be used i n heavy r a i n they may be 
operated i n the i n v e r t e d p o s i t i o n . 
The main performance c h a r a c t e r i s t i c s of the m i l l s may 
be summed up as f o l l o w s : - Noise l e v e l i n the frequency 
range 10 - O.lcps i s 0.5v/m. D r i f t *>2$ i n the f i r s t hour. 
For an a p p l i e d f i e l d of 50v/m the maximum d.c. output 
a v a i l a b l e i s 26v which corresponds to a galvo. d e f l e c t i o n 
of lOcms. L i n e a r i t y b e t t e r than 2$ at mi d - s c a l e . 
There seemed to be no b e t t e r t e s t of the m i l l ' s 
performance than t o watch t h e i r behaviour under a c t u a l 
operating c o n d i t i o n s . The two m i l l s , separated by over 
100m, g e n e r a l l y i n d i c a t e d f i e l d v a r i a t i o n s which agreed 
t o w i t h i n a few percent, y e t were d i s p l a c e d i n time by an 
sz 
amount which depended on the wind v e l o c i t y . 
Although the nature of the present i n v e s t i g a t i o n 
does not c a l l f o r an a c c u r a t e measurement of the absolute 
value of the e a r t h ' s e l e c t r i c f i e l d * i t i s necessary t o 
know approximate v a l u e s . I n f a e t , only approximate 
va l u e s were a v a i l a b l e because each m i l l was operated a t 
any one of f i v e d i f f e r e n t s i t e s a t which the exposure 
f a c t o r averaged about 0.8 and v a r i e d by about t.15% as the 
seasons passed. 
A rough c a l i b r a t i o n a t one s i t e was made by comparing 
the f i e l d s t r e n g t h a s i n d i c a t e d by a m i l l w i t h the potent-
i a l g r adient a s measured by a p o t e n t i a l - e q u a l i s e r method. 
I n order t o measure the p o t e n t i a l of the w i r e an e l e c t r o n i c 
electrometer, s i m i l a r t o t h a t of Brewer(1953), was 
c o n s t r u c t e d . Both the w i r e and the m i l l were set-up a t 
the one s i t e and the outputs from the m i l l and the 
electrometer were simultaneously recorded on the m i l l 
camera. Hence i t i*as a simple matter t o express m i l l 
output voltage i n terms of absolute p o t e n t i a l g r a d i e n t . I n 
view of the v a r i a b i l i t y of the exposure f a c t o r s of the 
v a r i o u s s i t e s , the f i e l d s t r e n g t h quoted i n the subsequent 
s e c t i o n s may be i n e r r o r by 20$, compared w i t h t r u e 
a b s o l u t e v a l u e s . 
The p o t e n t i a l e q u a l i s e r used was a glowing f u s e of 
s t r i n g which had p r e v i o u s l y been soaked i n Lead SJitrate 
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and d r i e d . I t i s i n t e r e s t i n g t o noto t h a t such an e q u a l i s e r 
i s not very s u i t a b l e f o r i n v e s t i g a t i o n s aimed a t studying 
the f i n e s t r u c t u r e of sraall f i e l d s , f o r i t was found t h a t 
as smoke-puffs l e f t the fuse the p o t e n t i a l of the wire might 
change by as much as t h r e e v o l t s . 
1 2 
7. OTHER APPARATUS AND EXPERIMENTAL ARRANGEMENTS. 
7.1 The Dines Anemometer. 
As the measurement of wind speed played an important 
p a r t i n the present i n v e s t i g a t i o n , a b r i e f d e s c r i p t i o n of the 
anemometer i s given and i t s e r r o r s are d i s c u s s e d . 
The Dines Pressure-tube Anemometer formed pa r t of the 
meteorological equipment of the U n i v e r s i t y Observatory and 
was used continuously t o supply information f o r the Meteor-
o l o g i c a l O f f i c e C l i m a t a l o g i c a l Reports, consequently the 
present work had t o be c a r r i e d out without i n t e r r u p t i n g i t s 
normal d u t i e s or without a l t e r i n g i t s exposure, 
a ) P r i n c i p l e of the Instrument. 
A f r e e l y swinging wind vane c a r r i e s i n i t s nose an open-
ended tube i n which the pressure i n c r e a s e s when a i r impinges 
on the tube opening. Below the pressure head i s a f i x e d 
p e r f o r a t e d pipe i n which t h e r e i s a pr e s s u r e r e d u c t i o n due to 
the a i r flow past the pipe. The pressure d i f f e r e n c e between 
the a i r i n the pr e s s u r e head and the a i r i n the s u c t i o n head 
i s measured by means of a s e n s i t i v e water and f l o a t manometer. 
I f AP i s the pressure d i f f e r e n c e then, 
where V i s the v e l o c i t y of the a i r flowing past the heads, ^> 
the a i r d e n s i t y and k a non-dimensional constant (^0.5) which 
governs the c o n t r i b u t i o n to AP made by the s u c t i o n head. The 










to. to. I V io 14 
INPlCATED V E L O C I T Y ftlNtS 
F i g . 19 The Dines C a l i b r a t i o n . 
60 
displacement i s p r o p o r t i o n a l to JKp, hence p r o p o r t i o n a l t o V. 
F l o a t displacement i s recorded by pen on a paper c h a r t , the 
s c a l e being 1.3cm s10kts and 1.5cm elhr. For a more d e t a i l e d 
d e s c r i p t i o n o f the instrument see the Met. O f f i c e O b s e r v e r 1 s 
Handbook(1952). 
The Observatory instrument was Id.5m(56ft) above ground 
l e v e l but i t s e f f e c t i v e height, according t o the Met. O f f i c e , 
was 10m(33ft). I n g e n e r a l , the exposure of the anemometer 
was good, f o r the vane dominated- a l l other o b j e c t s f o r many 
ki l o m e t r e s around, 
b) C a l i b r a t i o n . 
As the i n v e s t i g a t i o n progressed i t became i n c r e a s i n g l y 
obvious t h a t c e r t a i n anomalies i n the r e s u l t s could be 
removed i f the anemometer was assumed to have a zero e r r o r of 
about 2m/sec. I t was t h e r e f o r e d e s i r a b l e t h a t an a c c u r a t e 
c a l i b r a t i o n be made, f o r i f the anemometer readings were 
taken uncorrected a wrong i n t e r p r e t a t i o n might be made as to 
the l o c a t i o n of the e l e c t r i c charges. 
The f i r s t c a l i b r a t i o n was one of f l o a t displacement 
a g a i n s t p r e s s u r e , F i g . 19 , and t h i s showed t h a t a zero e r r o r 
d i d i n f a c t e x i s t . As a f u r t h e r check a d i r e c t c a l i b r a t i o n 
i n terms of t r u e a i r s p e e d was c a r r i e d out by comparing the 
v e l o c i t y as i n d i c a t e d by the Dines w i t h t h a t given by an 
anemometer of known c a l i b r a t i o n . A s e n s i t i v e cup-contact 
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the vane of the Dines, see Fig»2o. Recordings of the number 
of c o n t a c t s per minute from the C C A . were made on the f i e l d 
m i l l camera and subsequently converted to t r u e a i r s p e e d from 
the anemometer c a l i b r a t i o n c h a r t provided w i t h the instrument 
by the Meteorological O f f i c e . The Dines i n d i c a t e d v e l o c i t y 
has been p l o t t e d a g a i n s t t r u e v e l o c i t y i n Fig.iq , (note t h a t 
t he v e r t i c a l s c a l e s a r e not e q u i v a l e n t ) and again t h e r e 
appears t o be a zero e r r o r such t h a t the Dines does not 
respond t o wind speeds l e s s than 2.5m/sec(5kts) and above 
t h i s value the i n d i c a t e d speeds a r e about 2.0m/sec low. I t 
i s known t h a t cup anemometers tend t o over-estimate the mean 
speed i n f l u c t u a t i n g winds but i t appears t h a t the s m a l l 
moment of i n e r t i a of the Sheppard type anemometer ensures 
t h a t t h i s o v e r -estimation i s normally n e g l i g i b l e ; t h i s i s 
d i s c u s s e d by Sheppard(1940) and Deacon(1951). 
The f u l l curve of Fig.H was used to convert a l l the 
anemographs t o t r u e wind v e l o c i t y . Although no a l t e r a t i o n 
was made to the c a l i b r a t i o n o f the Dines, i t i s p o s s i b l e t h a t 
the zero e r r o r s l o w l y changed over the f i f t e e n months of the 
i n v e s t i g a t i o n . T h i s e r r o r was p r i m a r i l y due to s t i c k i n g of 
the f l o a t rod and as the above c a l i b r a t i o n was made a t the 
end of the f i f t e e n month period, i t i s l i k e l y t h a t the e r r o r 
was somewhat l e s s a t the beginning. Consequently the values 
of the wind v e l o c i t y a t ten metres, as used i n the a n a l y s i s 
o f r e c o r d s , may be about lm/sec too high on some o c c a s i o n s . 
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7.2 The Point Discharger. 
Point discharge c u r r e n t s may p l a y a v i t a l r o l e i n 
determining the form of the f i e l d v a r i a t i o n s a t the s u r f a c e , 
t h e r e f o r e i t was necessary to measure the c u r r e n t which 
flowed through at l e a s t one point a t or near the s i t e . 
A s t a i n l e s s s t e e l point, connected to e a r t h through a 
r e c o r d i n g galvanometer, was erected on an i n s u l a t e d mast. 
The stub mast supporting the point was mounted on the anemo-
meter mast some 1.2m from the vane c e n t r e , w i t h the a c t u a l 
point about 10cm above the vane t a i l , see Fig.20. 
Such an arrangement l e f t much to be d e s i r e d , yet i t 
seemed the b e s t compromise between a number of c o n f l i c t i n g 
f a c t o r s . As the anemometer vane was the highest o b j e c t f o r 
many k i l o m e t r e s , i t was obvious t h a t point discharge c u r r e n t 
might flow from the vane a t a time when the f i e l d s t r e n g t h s 
a t other p o i n t s were s t i l l too low t o i n i t i a t e breakdown. 
Consequently, i t was necessary t h a t the point be higher than 
the vane i f the c u r r e n t through the point was to be unique 
even f o r a s m a l l range of f i e l d s t r e n g t h s . I t was not easy, 
however, to e r e c t a point over 1dm above the s u r f a c e without 
u t i l i s i n g the anemometer mast i n such a way as not t o a l t e r 
the exposure of the Dines or run the r i s k of the point 
f o u l i n g the vane. 
Whipple and Scrase(1936) obtained an e m p i r i c a l express-
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through a comparatively low point surrounded by s i m i l a r 
p o i n t s and the s u r f a c e f i e l d s t r e n g t h , under steady c o n d i t -
i o n s . They suggested t h a t , 
1 * O L ( E X - N \ X ) 
where i i s the c u r r e n t , *a' a constant, E the s u r f a c e f i e l d 
s t r e n g t h and M the value of the s u r f a c e f i e l d below which the 
c u r r e n t i s z e r o . Subsequent work, f o r example Chalmers and 
Mapleson(1954), has shown t h a t the r e l a t i o n s h i p between i and 
E i s not a s simple, a t l e a s t f o r a high i s o l a t e d point, as 
suggested by Whipple and S c r a s e , f o r i n the f i r s t i n s t a n c e 
i depends on wind speed. Although the present work i s not 
aimed a t r e l a t i n g i w i t h other parameters, i t i s i n t e r e s t i n g 
t o p l o t a few values of p.d. c u r r e n t a g a i n s t f i e l d over a 
wide range of wind speeds. A few randomly s e l e c t e d p o i n t s 
have been p l o t t e d i n Fig.21 and the r e s u l t g i v e s the impress-
i o n t h a t , f o r a given f i e l d , i i n c r e a s e s n e a r l y l i n e a r l y w i t h 
wind speed. There are of course, too few p o i n t s t o give 
anything but a g e n e r a l impression. 
For f i e l d s between 3$0-1000v/m t h e r e i s l i t t l e doubt 
t h a t the only point d i s c h a r g e c u r r e n t s flowing i n the neigh-
bourhood of the Observatory o r i g i n a t e d from the e r e c t e d p o i n t . 
For reasons which are given l a t e r , i t i s b e l i e v e d t h a t the M 
value f o r the vane was about l,500v/m, w h i l s t i n g r e a t e r 
f i e l d s d i scharge probably occurred from t r e e s and p r o j e c t i o n s 
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p o i n t discharge c u r r e n t flowed i n t o the a i r and i t seems 
l i k e l y t h a t under these c o n d i t i o n s the c u r r e n t through the 
point was only a s m a l l f r a c t i o n of the t o t a l c u r r e n t flow i n 
the a r e a . 
7.3 The Sky Photometer. 
One could not watch the f i e l d monitoring meters f o r long 
without being impressed by the obvious connection between 
f i e l d and the s t a t e of the overhead sky. Although t h i s 
r e l a t i o n s h i p was obvious t o the observer, some instrument was 
r e q u i r e d which would r e c o r d " s t a t e of overhead sky" so t h a t 
permanent records could be used t o v e r i f y and add f u r t h e r t o 
the o b s e r v e r 1 s i m p r e s s i o n s . I n an attempt t o r e c o r d t h i s 
r a t h e r nebulous q u a n t i t y " s t a t e of overhead sky", the Sky 
Photometer was developed. The main v i r t u e of the instrument 
i s i t s s i m p l i c i t y , yet i t d i d provide information which, 
w h i l s t of l i t t l e q u a n t i t a t i v e value, was very h e l p f u l i n 
l o c a t i n g the source of c e r t a i n f i e l d v a r i a t i o n s . 
B a s i c a l l y the instrument c o n s i s t s of a 45mm d i a . b a r r i e r -
l a y e r p h o t o c e l l mounted a t the bottom of a v e r t i c a l tube, see 
Fig.22a. When placed i n the open, the p h o t o c e l l " s e e s " a 
s m a l l a r e a of the sky immediately overhead. The output from 
the c e l l due to the ambient l i g h t of the sky i s balanced o f f 
by means of a simple potentiometer c i r c u i t shown i n Fig.22b. 
Any out-of-balance c u r r e n t i s then recorded, v i a a m i r r o r 
§1 
galvanometer, on the f i e l d m i l l camera. 
When f i e l d measurements were being made the Photometer 
was mounted roughly halfway between the two m i l l s . The 
balance c o n t r o l was a d j u s t e d u n t i l the c u r r e n t through the 
galvanometer was about zero, any subsequent change i n sky or 
cloud b r i g h t n e s s r e s u l t e d i n an i n c r e a s e or decrease of c e l l 
output and a corresponding change i n galvanometer d e f e c t i o n . 
I n the f i r s t i n s t a n c e the Photometer was of great value 
i n helping t o f i x , a t any given i n s t a n t , the p o s i t i o n of 
I n d i v i d u a l clouds r e l a t i v e t o the s i t e . T h i s was u s e f u l when 
studying the e f f e c t s of F a i r Weather Cu. on the s u r f a c e f i e l d . 
Fig.22c i l l u s t r a t e s a t y p i c a l r e c o r d produced by F a i r Weather 
Cu. I f the clouds were of the Cb. type the Photometer re c o r d 
was more d i f f i c u l t to I n t e r p r e t u n l e s s the clouds were 
s i t u a t e d a g a i n s t a c l e a r sky. IJhen the sky was o v e r c a s t w i t h 
St.,Ms., or Sc., the Photometer proved of great value. Any 
p e r i o d i c s t r u c t u r a l v a r i a t i o n s i n the cloud l a y e r were u s u a l l y 
manifest i n the Photometer output, as i n F i g .22c. On many 
occasi o n s the Photometer re c o r d was incomprehensible, f o r 
example, under a c h a o t i c sky w i t h cloud a t a l l l e v e l s . 
F o r t u n a t e l y the e l e c t r i c a l c o n d i t i o n s a s s o c i a t e d w i t h such a 
sky do not suggest a c l o s e connection w i t h i n d i v i d u a l clouds, 
so no v i t a l information was l o s t . 
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7.4 The Quick-response A i r Thermometer. 
At one period during the i n v e s t i g a t i o n i t was thought 
t h a t a measurement of the m i c r o - s t r u c t u r e of the a i r temper-
a t u r e near the s u r f a c e might o f f e r a c l u e as t o the o r i g i n of 
c e r t a i n f i e l d v a r i a t i o n s . A s e r i e s of c u r s o r y experiments 
were c a r r i e d out u s i n g the f o l l o w i n g instrument. 
Arranged round the top of a v e r t i c a l ebonite tube a r e 
s i x copper-iron thermo-couples, each couple i s of f i n e w i r e 
and protected from r a i n , but exposed t o h o r i z o n t a l l y flowing 
a i r . The s i x corresponding " c o l d " j u c t i o n s a r e embedded i n 
a t h e r m a l l y i n s u l a t e d block of p a r a f f i n wax mounted about 15cm 
below the "hot" j u n c t i o n s . P a r a f f i n wax was used because the 
f a c t o r MassxSp.Heat/Thermal Cond. i s l a r g e , t h e r e f o r e temper-
a t u r e changes a t the c e n t r e of the block tend to be slow. 
Hence the upper thermo-couples had a short thermal response 
time t o the a i r temperature, w h i l s t the lower'couples had a 
long response time. With the 'couples connected i n s e r i e s , 
the p.d. a c r o s s the f r e e ends was about 200pV/°C. The therm-
ometer output was fed t o a r e c o r d i n g galvanometer and temper-
a t u r e changes of 0.1°C could be measured w i t h ease. 
When exposed to the f r e e a i r near the s u r f a c e the therm-
ometer measured t h e m i c r o - v a r i a t i o n s of the a i r temperature 
about some mean va l u e . I t w i l l be s t a t e d now t h a t the 
temperature records f a i l e d t o be of any value except t h a t they 
showed the e x i s t e n c e of a co l d a i r mass proceeding many shower 
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clouds. 
7»5 The Recording System. 
Recordings of the f i e l d were made on 145mm photographic 
paper which, w h i l s t p a s s i n g continuously through a drum cam-
e r a , was exposed t o t h e l i g h t beams r e f l e c t e d from two 
T i n s l e y M irror Galvanometers(No.4500m, p e r i o d i c time 0 . 2 s e c ) . 
When c o n s t r u c t i n g the camera p r o v i s i o n was made f o r a l a r g e 
paper c a p a c i t y ( 1 0 0 f t ) and a v a r i a b l e paper speed(0.5-10cm/min, 
i n t h r e e r a n g e s ) . The v a r i a b l e speed was incl u d e d mainly f o r 
reasons of paper economy. I n order t o maintain the c o r r e c t 
l e v e l of exposure of the photographic paper over the t h r e e 
speed ranges, t h e b r i g h t n e s s of the galvanometer lamps was 
made to vary w i t h s e l e c t i o n of speed range. 
The passage of time was recorded on the paper by means 
of "time marking". At known i n t e r v a l s the g a l v a , lamps and 
fogging lamp(which p r o j e c t e d a background s c a l e on the r e c o r d ) 
were switched o f f f o r two seconds, so l e a v i n g l a t e r a l white 
l i n e s on the developed r e c o r d . The time i n t e r v a l between the 
l i n e s was lOse c s f o r the higher camera speeds and one minute 
f o r the lower. The a c t u a l timing mechanism c o n s i s t e d o f a 
mains-operated c l o c k motor which operated a s e r i e s of cams 
and r e l a y s . S e l e c t i o n of time i n t e r v a l was automatic w i t h 
s e l e c t i o n of camera speed. 
The camera and a l l i t s a s s o c i a t e d equipment were 
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contained i n a dark room away from the observer but a l l the 
equipment could be switched on by means of a master s w i t c h i f 
the information appearing on the f i e l d monitoring meters 
r e q u i r e d r e c o r d i n g . 
V i s u a l monitoring of the f i e l d v a r i a t i o n s was made on 
two l a r g e d i a l IOOJUA meters which were connected i n p a r a l l e l 
w i t h t h e r e c o r d i n g galvanometers. The l i g h t spots from the 
f i e l d galvanometers were arranged so t h a t they f e l l onto the 
edge of the photographic paper when the f i e l d was zero. F o r 
a p o s i t i v e f i e l d i n c r e a s e the spots would move a c r o s s the 
paper, whereas f o r a negative f i e l d the spots tended t o move 
o f f the paper. Two switches mounted on the monitoring meters 
could be used t o r e v e r s e the l e a d s from the a m p l i f i e r t o the 
re c o r d i n g galvanometers and the meters. Hence, whenever the 
f i e l d changed s i g n the switches were thrown so a s to keep the 
needles on the monitor meter d i a l s and t h e r e f o r e the spots 
remained on the paper. So long as the needles were on the 
d i a l s the s i g n of the f i e l d could be determined from the 
p o s i t i o n of the s w i t c h e s ( t h e y having been c a l i b r a t e d previous-
l y ) . The whole point of t h i s arrangement i s t h a t i t e f f e c t -
i v e l y doubles the width o f the re c o r d i n g paper a s compared 
w i t h the ce n t r e zero method. With the a m p l i f i e r on i t s most 
s e n s i t i v e range a f i e l d change of +50 to -50v/m caused t h e 
galvanometer spot t o scan the paper t w i c e , so t h a t t h e t o t a l 
d e f l e c t i o n was 20cm. Fig.23 i s a f a c s i m i l e of par t of a 
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t y p i c a l r e c o r d . 
7.6 The S i t e . 
O r i g i n a l l y i t was planned t h a t a s i t e a t the U n i v e r s i t y 
Science L a b o r a t o r i e s should be used f o r the i n v e s t i g a t i o n but 
some p r e l i m i n a r y runs w i t h the m i l l s r e v e a l e d a number of 
d i s t u r b i n g f a c t o r s which rendered the s i t e u n s u i t a b l e . 
Durham U n i v e r s i t y Observatory stands on a h i l l 120m 
above sea l e v e l and about one kilometre to the west of Durham 
C i t y . The Observatory b u i l d i n g i s surrounded, f o r the most 
p a r t , by a g r i c u l t u r a l l a n d and i s w e l l away from l a r g e sources 
of atmospheric p o l l u t i o n . Such a s i t e seemed to o f f e r many 
advantages over t h a t a t the L a b o r a t o r i e s , f o r a u s e f u l range 
of m eteorological instruments was maintained and the s i t e was 
i d e a l f o r the i n v e s t i g a t i o n of c e r t a i n problems. The main 
disadvantage l a y i n the s t a t e of the b u i l d i n g , f o r i t was i n 
a very d i l a p i d a t e d c o n d i t i o n . 
Fig.24 g i v e s an i d e a as t o the type of country overlook-
ed by the b u i l d i n g , w h i l s t Fig.25 shows how the b u i l d i n g and 
the anemometer mast dominated the surrounding t r e e s . A 
g e n e r a l plan i s given i n Fig.26, t h i s shows how the e i g h t 
m i l l s i t e s l a y roughly on a c i r c l e of 100m diameter, a t the 
c e n t r e of which stood the Observatory b u i l d i n g . One s i t e was 
only a v a i l a b l e during p a r t of the year, when the p a r t i c u l a r 
f i e l d was c r o p - f r e e . 
® 
o<9 
0 < 5 
a: Fig.26 The S i t e . 
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Fig.27 The M i l l L i n e s . 
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Fig.27 shows how seven d i f f e r e n t m i l l l i n e d i r e c t i o n s were 
obtained by choosing s u i t a b l e m i l l s i t e p a i r s . Whatever the 
wind d i r e c t i o n , two s i t e s could be picked such t h a t the l i n e 
J o i n i n g them was w i t h i n 25° o f the wind d i r e c t i o n without 
reducing the m i l l s e p a r a t i o n below 100m, A f u r t h e r advantage 
of u s i n g the Observatory s i t e was t h a t when combined w i t h the 
L a b o r a t o r i e s s i t e , simultaneous f i e l d r e c o r d i n g s could be 
made a t two p o i n t s 960m apar t on a b e a r i n g of 096° which was 
a l s o the bearing of one of the m i l l l i n e s . An agrimeter was 
i n continuous operation a t the L a b o r a t o r i e s and so provided 
f i e l d r e c o r d s f o r comparison w i t h those.obtained a t the 
Observatory. The agrimeter records were u s u a l l y supplemented 
by f i e l d m i l l and point d i s c h a r g e c u r r e n t r e c o r d s a l s o made 
a t the L a b o r a t o r i e s . 
Time s y n c h r o n i s a t i o n between the Observatory and the 
L a b o r a t o r i e s was achieved by making simultaneous marks on the 
two records on r e c e i p t of a pre-arranged telephone s i g n a l . 
S i g n a l s were sent about every 30mins, between s i g n a l s the 
r e c o r d s were time marked by t h e i r independent time marking 
systems. G e n e r a l l y , any time mark on one r e c o r d would agree 
w i t h i t s contemporary to w i t h i n - 5 s e c s . 
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g. ANALYSIS AKD INTERPRETATION OF RECORDS. 
8.1 A n a l y s i s . 
I n the e a r l y s t ages of the i n v e s t i g a t i o n f i e l d r e c o r d -
i n g s were made on every p o s s i b l e occasion i r r e s p e c t i v e of 
weather c o n d i t i o n s . L a t e r the work was concentrated on 
d i s t u r b e d weather phenomena, f o r the problems here a r e more 
numerous. Because the records were made a t random they 
should show a f a i r l y r e p r e s e n t a t i v e c r o s s - s e c t i o n of a l l the 
v a r i o u s types of s h o r t - p e r i o d f i e l d v a r i a t i o n s . Except f o r 
the very few occasions on which instrument d e f e c t s s p o i l t the 
record, a l l have been included i n the a n a l y s i s . 
During a r e c o r d i n g a d e t a i l e d l o g was kept. T h i s gave 
d e t a i l s of past and present weather, m i l l s i t e s , s i g n of 
f i e l d , s e n s i t i v i t y of a m p l i f i e r , i n f a c t any observed event 
which might have some i n f l u e n c e on the information being 
recorded. During d i s t u r b e d weather an e n t r y i n the l o g was 
o f t e n made about every 15secs but on many occasions v i t a l 
information was l o s t because the logging could not be kept 
a b r e a s t w i t h events. 
Altogether 480 f e e t of r e c o r d have been analysed, cover-
i n g a t o t a l of 220 hours and made up of 173 d i f f e r e n t p e r i o d s . 
I n c l a s s i f y i n g the records a system based on the immediate 
weather i s used, i n p a r t i c u l a r , r e c o r d s a r e grouped under 
d i f f e r e n t cloud t y p e s . O c c a s i o n a l l y i t was obvious t h a t the 
f i e l d was v a r y i n g i n a manner which suggested t h a t the 
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vreather was not d i r e c t l y r e s p o n s i b l e ; t h e s e cases a r e d e a l t 
w i t h s e p a r a t e l y . The weather symbols used are taken from 
the Meteorological O f f i c e Observer's Handbook,1952. Most of 
the weather d e t a i l s i n the t a b l e s and diagrams came from the 
l o g book, o c c a s i o n a l l y these have been supplemented by 
information obtained from the D a i l y Heather Eeport and the 
D a i l y A e r o l o g i c a l Report. Many of the f i g u r e s c o n t a i n 
diagrammatic r e p r e s e n t a t i o n s of clouds. These have been 
drawn from the Photometer r e c o r d s and notes i n the l o g book. 
The h o r i z o n t a l extent of the cloud i s drawn i n c o r r e c t 
r e l a t i o n s h i p to the time s c a l e used but the height and d e t a i l -
ed s t r u c t u r e a r e only f i g u r a t i v e . 
As p r e v i o u s l y mentioned, the f i e l d v a r i a t i o n s measured 
a t two s i t e s appeared as two t r a c e s on the r e c o r d i n g paper. 
I f f i e l d v a r i a t i o n s a r e due mainly to the v e r t i c a l t r a n s f e r 
of charge i n the atmosphere, then we should expect the 
corresponding maximum and minimum v a l u e s on the two t r a c e s t o 
be mainly simultaneous i n time. I f however, h o r i z o n t a l charge 
motion i s r e s p o n s i b l e f o r the v a r i a t i o n s , then we might expect 
the two t r a c e s t o appear d i s p l a c e d r e l a t i v e t o each other. 
T h i s displacement can be expressed as a delay time, the 
magnitude and s i g n of t h i s d e l a y time w i l l depend on t h e m i l l 
s e p a r a t i o n d i s t a n c e and the value of the component of the 
charge v e l o c i t y r e s o l v e d along the l i n e o f m i l l s . Now i t 
seems l i k e l y t h a t many of the s u r f a c e f i e l d v a r i a t i o n s owe 
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t h e i r o r i g i n to the motion o f windborne charges. Therefore, 
i t was assumed t h a t the d i r e c t i o n of charge motion was 
p a r a l l e l to the s u r f a c e wind d i r e c t i o n . Having made t h i s 
assumption, a charge speed Vc can be c a l c u l a t e d from, 
V e . D Cos 4 
where D i s the m i l l s e p a r a t i o n d i s t a n c e , 0 the angle between 
the m i l l l i n e and the s u r f a c e wind and t A t h e delay time as 
obtained from the re c o r d i n g . For each re c o r d an a r i t h m e t i c 
mean delay time was c a l c u l a t e d and hence a mean Vc. I f the 
mean s u r f a c e wind speod i s Vo and th e r e e x i s t s no r e l a t i o n -
s h i p between charge motion and wind v e l o c i t y , then we should 
expect the r a t i o Vc/Vs, denoted by R, to take any value 
between +a> and - » . I n f a c t , R v a r i e s between ••'0.7 and +2.0 
f o r a l l r e c o r d s , so t h a t i t seems j u s t i f i a b l e to assume t h a t 
charge motion i s c l o s e l y r e l a t e d to a i r motion i n the lower 
atmosphere. E r r o r s i n the determination of 0 do not seem t o 
be of any great importance i n the present work, f o r 0 r a r e l y 
exceeded 20° so t h a t Cos 0 was g e n e r a l l y between 0.95 and 1.0. 
On the average about 25 delay times were measured on 
each record, so t h a t the t o t a l number of f i e l d v a r i a t i o n s 
i n v o l v e d i n the a n a l y s i s i s over 4,000. On any one rec o r d 
the delay times showed co n s i d e r a b l e s c a t t e r ; Fig.47 i s 
t y p i c a l of many i n t h i s r e s p e c t . P a r t of t h i s s c a t t e r must 
be due t o measurement e r r o r s , f o r the two t r a c e s were not 
always i d e n t i c a l i n form, and p a r t must be r e a l f o r charge 
v e l o c i t y i s probably a very v a r i a b l e q u a n t i t y . Mot a l l the 
r e l e v a n t information could be i n c l u d e d on the diagrams so 
each has been drawn to i n c l u d e what i s hoped the most import-
ant d e t a i l s . No d i s t i n c t i o n i s made between the two m i l l s 
except to c a l l them "upwind" and "downwind", f o r the instrum-
ents can be considered i d e n t i c a l f o r most purposes. 
As mentioned i n s e c t i o n 1.2 the e l e c t r i c a l phenomena we 
a r e to study are b e s t p i c t u r e d i n terms of space charge 
d i s t r i b u t e d throughout the lower atmosphere, w i t h charge 
motion governed p r i m a r i l y by atmospheric motion. Therefore, 
i t seems appropriate a t t h i s stage to remind the reader of 
some o f the c h a r a c t e r i s t i c s of wind s t r u c t u r e i n the lower 
troposphere, f o r t h e s e c h a r a c t e r i s t i c s p l a y a l a r g e p a r t i n 
the i n t e r p r e t a t i o n of the r e s u l t s . 
3.2 Wind S t r u c t u r e i n the Lower Atmosphere. 
At a height of 400-600m, above the d i s t u r b i n g e f f e c t s 
o f the s u r f a c e , the wind vector i s mainly dependent on the 
h o r i z o n t a l p ressure gradient and the e f f e c t s o f t h e e a r t h ' s 
r o t a t i o n . T h i s geostrophic wind i s comparatively steady and 
may be estimated from a knowledge of the p r e s s u r e d i s t r i b u t -
i o n . 
Below 300m the a i r motion s u f f e r s from the f r i c t i o n a l 
e f f e c t s of the s u r f a c e and a t low l e v e l s may be complex and 
v a r i a b l e i n s t r u c t u r e . The v e r t i c a l v e l o c i t y p r o f i l e i n the 
71 
f i r s t few hundred metres eannot, a s y e t , be expressed i n 
p r e c i s e mathematical terms but an approximate r e l a t i o n s h i p 
betv/een mean wind speed V, and height Z, i s given by, 
where Vo i s the known v e l o c i t y a t the r e f e r e n c e height Zo« 
The value of p has been found t o depend on the v e r t i c a l 
temperature g r a d i e n t . F r o s t ( 1 9 4 7 ) g i v e s p-0.£ f o r steep 
i n v e r s i o n c o n d i t i o n s , p=0.3 f o r a zero temperature gradient 
and i n s u p e r a d i a b a t i c c o n d i t i o n s p=0.14. Therefore, under 
normal l a p s e r a t e conditions one would expect the geostrophic 
wind speed to be roughly 1,5 t o 2.0 times the speed of the 
wind a t 10m. 
I n a d d i t i o n to the v e r t i c a l speed gradient t h e r e i s 
normally a change i n wind d i r e c t i o n w i t h height. G e n e r a l l y , 
the geostrophic wind d i f f e r s by about 30° from the x-jind a t 
10m, the d i r e c t i o n v e e r i n g v?ith h e i g h t . 
The above d i s c u s s i o n of wind p r o f i l e s a p p l i e s p a r t i c u l -
a r l y to the case where the s u r f a c e f e a t u r e s a r e uniform over 
a l a r g e a r e a . I n the v i c i n i t y of t r e e s and b u i l d i n g s the a i r 
flow l i n e s are co n s i d e r a b l y d i s t o r t e d so t h a t the d i r e c t 
a p p l i c a t i o n of p r o f i l e equations t o the wind s t r u c t u r e near 
t h e Observatory does not seem ap p r o p r i a t e . 
Up t o t h i s point we have been concerned w i t h the mean 
wind but a c l o s e study of a t y p i c a l anemometer rec o r d r e v e a l s 
c o n s i d e r a b l e f l u c t u a t i o n about t h i s mean value. I t i s found 
V- V. IT.) 
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t h a t not only are t h e r e v e l o c i t y f l u c t u a t i o n s along t h e 
d i r e c t i o n of the mean wind but t h a t t h e r e are eddy v e l o c i t y 
components a t r i g h t angles t o the general d i r e c t i o n o f t r a v e l . 
I n a d d i t i o n , a p a r t i c u l a r form of wind f i n e - s t r u c t u r e may be 
s h o r t - l i v e d , f o r G i b l e t t ( 1 9 3 2 ) has shown t h a t the s t r u c t u r e 
as measured a t two s i t e s d i r e c t l y i n l i n e w i t h t h e s u r f a c e 
wind and only 200m a p a r t , may d i f f e r c o n s i d e r a b l y i n d e t a i l . 
Wind s t r u c t u r e i n the lower troposphere i s c r i t i c a l l y 
dependent on the atmosphere's s u s c e p t i b i l i t y t o t u r b u l e n t 
motion. I n a s t a b l e atmosphere wind eddies tend t o be damped 
out and the v e r t i c a l t r a n s p o r t a t i o n of momentum i s s m a l l . I n 
an unstable atmosphere the converse i s t r u e and t u r b u l e n t 
c o n d i t i o n s may extend from t h e s u r f a c e t o the geostrophic 
l e v e l . The main c r i t e r i o n of s t a b i l i t y i s the value of the 
v e r t i c a l temperature gradient i n the lower atmosphere. When 
the l a p s e r a t e i s s u p e r - a d i a b a t i c the a i r i s un s t a b l e , so we 
may expect turbulence t o be l a r g e , whereas i n the s t a b l e 
c o n d i t i o n s a s s o c i a t e d w i t h i n v e r s i o n s the converse holds and 
the a i r flow i s more laminar. 
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Fig.28 F i e l d s during Fine Weather. 
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9. GENERAL FAIR WEATHER CONDITIONS. 
A r e c o r d i n g made when the weather c o n d i t i o n s were such 
t h a t the cloud amount was <7/8 t the v i s i b i l i t y >lkm and w i t h 
no i n d i c a t i o n of r a i n - b e a r i n g clouds i n the v i c i n i t y , i s 
c l a s s i f i e d under the above heading. A f u r t h e r s u b - d i v i s i o n 
i s made as f o l l o w s . 
9.1 F i n e Weather. 
The term F i n e Weather i s used h e r e a f t e r w i t h p a r t i c u l a r 
d e f i n i t i o n ; no cloud, v i s i b i l i t y >lkm and the f i e l d must a t 
a l l times be p o s i t i v e . 
Altogether seven records were made under s t r i c t l y F i n e 
Weather c o n d i t i o n s and three of these a r e reproduced i n F i g . 
26. An outstanding c h a r a c t e r i s t i c of t h e s e f i e l d s i s t h e i r 
remarkable s t e a d i n e s s , although s m a l l , smooth, random v a r i a t -
i o n s appear from time t o time. Fig.2#d i s a d i r e c t copy of 
p a r t of a r e c o r d and even w i t h an open time s c a l e t h e r e i s 
s t i l l very l i t t l e evidence of any f i e l d f i n e - s t r u c t u r e . What 
s m a l l f l u c t u a t i o n s do e x i s t a r e not always reproduced a t the 
second m i l l , which suggests t h a t they a r e e i t h e r due t o 
instrument noise or a r e of very l o c a l o r i g i n . 
Table 2 g i v e s a summary of the c o n d i t i o n s appropriate t o 
the seven F i n e Weather p e r i o d s . Also Included a r e t h r e e 
periods during which t h e r e was a s l i g h t amount of C i . cloud, 
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A n t i c y c l o n i c . 
Cloud - 1/8 C i . 
Temp. 4* # 
225 2.5 0.9 315/L5 1.8 1.2 
4/3/53 
15:43 
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Cloud - 1/8 C i . 
Temp. 




Cloud - 0/8 
T e r n o . 
104 1.8 0.7 085/4 4.9 1.2 
21/4/53 
10:24 
A n t i c y c l o n i c . 
Cloud - 0/8 
Temp. 47° 




Cloud - 0/8 
temp. 57° 




Cloud - 0/8 
Temp. UB° 
170 3.8 1.7 190/3.7 4.9 1.3 
Av. 1.13 
Table 2 Fine Weather Conditions. 
n 
the surface f i e l d . As i s t o be expected, a l l periods occur-
red during general anti-cyclonic conditions but there i s no 
consistency i n surface wind velocity(surface wind i s used f o r 
the wind at 10m), temperature or mean f i e l d . Col.3 contains 
the arithmetic mean f i e l d over the period of recording (*60 
mins) and there i s no i n d i c a t i o n of any relationship between 
the meteorological factors and the value of the mean f i e l d s , 
except perhaps on 24/3/54 when the f a l l i n g afternoon temper-
ature might have increased the humidity t o such an extent 
that negative charges were lib e r a t e d from high tension cables 
i n small q u a n t i t i e s ( t h i s i s discussed l a t e r } . 
Cols.4&5 have been included i n order t o give some i n d i c -
a t i o n of the magnitude of the f i e l d "unrest". From the 
records the mean f i e l d was tabulated f o r each minute i n t e r v a l . 
This procedure tended t o smooth out any variations of less 
than one minute period but as these were small they can be 
neglected anyway. From the minute meane/ the changes i n f i e l d 
every minute, irrespective of sign, were obtained and from 
these values a mean change per minute f o r the whole record 
was calculated. This mean change i s expressed as a percentage 
of the mean f i e l d i n Col.4 and i s denoted by U, • Taking 
3/3/53 as an example we see that during the 60mins of record-
ing, the f i e l d changed, on the average, by 2,9% every minute. 
Extending t h i s method, the mean f i e l d f o r every eight minute 
i n t e r v a l was obtained and hence the change i n f i e l d every 
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Fig.30 Fields during Fair Weather. 
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eight minutes. From these values of the eight minute change 
i n f i e l d strength a mean eight minute change was calculated 
and f i n a l l y expressed as a percentage change per minute, 
denoted by i n Col.5. The value of U8 then gives some 
in d i c a t i o n as t o the contribution made t o U, by the long 
period(>drains) f i e l d changes and by d r i f t . 
Col.6 gives the mean surface wind v e l o c i t y , w h i l s t Col;7 
gives the apparent charge speed resolved along the surface 
wind d i r e c t i o n . The r a t i o Vc/Vs i s given under E i n Col.S. 
Owing t o the f i e l d variations being so small i t was often 
d i f f i c u l t t o measure the delay timesj coupled w i t h the f a c t 
t h a t the anemometer d i d not respond t o winds below 2m/sec the 
errors involved i n the values given i n Cols.7&8 may be large. 
The fac t that the mean value of R f o r Fine Weather f i e l d 
v ariations i s about 1.13 seems t o leave l i t t l e doubt th a t 
these variations f i n d t h e i r o r i g i n i n the motion of windborne 
charges whose mean height i s between 10-50m above the surface. 
Returning t o Fig.2fld, the t h i r d trace i s th a t of the 
Photometer output showing t y p i c a l variations i n the sky 
brightness which were never apparent t o the eye nor did they 
appear t o be related t o the f i e l d v a r i a t i o n s . 
9.2 Fair Weather. 
Fair Weather conditions are defined as those i n which 
the cloud amount i s between 7/3 and 1/8, vis.Hkm, no precip-
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i t a t i n g clouds i n the neighbourhood and the e l e c t r i c f i e l d 
must at a l l times be po s i t i v e . 
From the 22 hours of recording made during Fair leather 
the most s t r i k i n g feature i s th a t the f i e l d under these 
conditions i s much more active than the Fine Weather f i e l d * 
Figs.29 and 30 show some t y p i c a l records made under Cu. or 
Ac, skies but before going on t o discuss the more general 
features of the Fair Weather f i e l d , a t t e n t i o n should be drawn 
t o the occurrence of certain well-defined variations that are 
believed t o be of l o c a l o r i g i n . 
Quite frequently the f i e l d would suddenly undergo a 
temporary excursion t o about twice I t s normal value. Some of 
these F i e l d Pulses, as they w i l l be ca l l e d , occur i n Fig.29,. 
w h i l s t Fig.31 shows a number of the pulses i n d e t a i l . From 
these figures i t i s obvious that the o r i g i n of the pulses i s 
not t o be found i n the clouds and t h i s was borne out by many 
eye observations. I n fa c t nothing could be seen which might 
have accounted f o r the o r i g i n of the pulses and only on a 
very few occasions did the Photometer show a small simultan-
eous disturbance. Time delays generally showed tha t the 
responsible charges t r a v e l l e d at a speed s l i g h t l y greater 
than th a t of the surface wind, actual values are given i n 
Fig.31. I n most cases the form of the pulse was unapprec-
i a b l y altered during i t s passage from one m i l l t o the other, 























Showers l a t e r . 
Temp Via. 15km. 




























Temper Vis. 15km, 
152 7.5 3 .6 240/7.7 7.3 0.95 
23/7/53 
11.29 
5/8 Cu. 4/8 Ac. 
TempM* Vis, 15km, 
80 10.2 1.9 265/8.3 10.7 1.27 
23/7/53 
3.13 
5/8 Cu. Ac.cStCi. 
Showers l a t e r . 
Temp, i f Vis.10km, 
80 19.0 4.2 280/8.4 10.8 1.28 
27/7/53 
i l . 5 5 
6/8 Cu. 
Prev. showers. 
Temp, vf Vis.10km, 





Temp.«i* Via. 10km < 





Temp •»»* Vis. 10km, 
: 117 8.7 0 .6 245/7.8 10.5 1.35 
Av. 1-.-18 
Table 3 Fair Weather Conditions. 
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Field pulses were not mentioned i n the previous sub-section 
on Fine Weather because they were never detected during such 
conditions. 
I n an attempt t o study the more general properties of 
the Fair Weather f i e l d , p a r t i c u l a r l y the f i e l d s under Cu. 
skies, Table 3 has been constructed on the same lin e s as 
Table 2. The f i e l d pulses have been eliminated so f a r as 
possible i n the calculation of U, and D8. I n general there 
appears t o be l i t t l e connection between the e l e c t r i c a l and 
meteorological d e t a i l s during any period of recording. 
Compared wi t h the mean f i e l d s of Fine Weather the mean f i e l d s 
of Fair Weather show much less v a r i a t i o n . As i s t o be 
expected from a study of the record reproductions of Figs.29 
and 30 the values of U, are, however, very much greater because 
of the increased unrest. The mean value of E i s 1.18 i n t h i s 
case, again the value t o be expected i f the variations are 
due t o charges moving w i t h the wind i n the region of 10-I00m. 
From Fig.29 i t i s obvious that either the clouds contain 
randomly d i s t r i b u t e d positive and negative charges, or that 
they have no appreciable e f f e c t on the surface f i e l d and that 
any apparent d i r e c t relationship between cloud and f i e l d i s 
merely f o r t u i t o u s . A detailed investigation i n v o l v i n g more 
than t h i r t y isolated F.W. and Towering Cu. showed that the 
second hypothesis i s the more l i k e l y , f o r the f i e l d variations 
beneath the clear i n t e r v a l s between the clouds showed no 
Wg Tow. C » 
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Fig.32 Field Patterns of Fair Weather. 
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appreciable difference from the variations which occurred 
beneath the clouds. From these r e s u l t s i t i s concluded th a t 
the Cu. clouds of Fair Weather(and probably a l l F.W. clouds) 
do not appreciably a f f e c t the surface f i e l d , i . e . , there can 
be l i t t l e free net charge i n these clouds. However, under 
Cu. skies the f i e l d i s much more variable than under clear 
skies. 
On looking through the records of the Fair Heather f i e l d s 
one i s impressed by the frequent occurrence of d i s t i n c t i v e 
patterns of the form i l l u s t r a t e d i n Fig.32. Occasional 
examples of these "cusp-like" variations were found on almost 
every record made under (Eu. skies but those i l l u s t r a t e d are 
the most outstanding examples. I n many cases the pattern 
elements were repeated a few times then died out, only t o 
reappear some time l a t e r . This e f f e c t i s shown i n Fig.32. 
Although the "cusp-like" variations only appeared t o occur 
w i t h Cu. clouds, no d i r e c t connection could be established 
between i n d i v i d u a l clouds and the state of the f i e l d . A 
comparison of the f i e l d s as recorded at the two m i l l s i t e s 
showed the patterns were due to a charge array i n space moving 
w i t h a horizontal speed which was a l i t t l e greater than that 
of the surface wind. 
As already stated, most of the Fair Weather recordings 
were made under Cu. skies. Those made under other cloud types 
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Fig. 33 Negative Fields i n Fair Weather. 
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occasionally there was a f i e l d pulse but i n general the 
variations were j u s t of a random nature. The general unrest 
was somewhat greater than that i n Pine Weather but r a r e l y 
were the variations as great as those under Cu. skies. 
A few of the recordings were supplemented by records 
made at the Laboratories. A comparison of the two records 
revealed th a t many of the fine-structure variations were not 
transmitted from the Observatory t o the Laboratories, even 
when the surface wind was blowing d i r e c t l y along the connect-
ing l i n e . The time delays over 960m were d i f f i c u l t t o 
measure because of the lack of s i m i l a r i t y between the two 
records but although most of the delays measured gave R 
values between 0.8 and 1 .5, some of the long period(>3Omins) 
variations appeared t o t r a v e l at speeds much greater than 
that of the surface wind. 
9.3 Negative Fields i n Fair Weather. 
On three occasions negative f i e l d s occurred during 
periods th a t were meteorologically Fair or Fine. Fig.33 
gives d e t a i l s of the f i e l d variations on two of these occas-
ions. The way i n which the f i e l d often varies about zero 
suggests the passage overhead of positi v e and negative charge 
pockets. This i s borne out by v e l o c i t y measurements which 
give R values of about u n i t y , although on occasions i t was 
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Fig.34 Variation of Charge Velocity with 
Surface Wind Velocity. 
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anemometer l e v e l and on these occasions the charge d i s t r i b u t -
i o n must have been modified during i t s passage through the 
trees situated between the two m i l l s . An example of t h i s 
modification i s shown i n Fig.33b* Such differences between 
the two m i l l records are rare and can be accounted f o r i f i t 
i s assumed that on c e r t a i n occasions the charges tend t o 
concentrate i n the lowest a i r layers. 
Eye observations revealed nothing th a t could account f o r 
the presence of negative charge. However, a l l three occasions 
had ce r t a i n meteorological factors i n common; the wind direc-
t i o n l ay between ERE-SE and the f a l l i n g afternoon temperature 
had caused an increase i n humidity t o the point where v i s i b i l -
i t y had started t o decrease. 
There seems l i t t l e doubt that on these occasions the 
conditions were such tha t negative charge was l i b e r a t e d from 
high tension cables i n small quant i t i e s . I n f a c t they 
probably represent the early stages of the establishment of 
continuous negative f i e l d s i n mist and fog(see Section 10.1). 
A l l the values of Vc obtained i n both Fine and Fair 
Weather have been p l o t t e d against surface wind speed i n Fig. 
34. The r e s u l t seems t o indicate conclusively that most, i f 
not a l l of the f i e l d variations of periods <30mins are wm 
due t o the motion of windborne charges. I n General Fair 
Weather conditions the average value of the r a t i o of mean 
charge v e l o c i t y t o mean wind v e l o c i t y at 10m i s about 1.15. 
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This suggests that the mean height of the charges responsible 
f o r the variations i s about 50m, There i s a tendency f o r E 
t o increase w i t h increasing wind speed. 
9.4 Discussion. 
Here the r e s u l t s given i n the previous sub-sections are 
discussed and some attempt i s made t o account f o r the presence 
or absence of cer t a i n f i e l d variations found i n Fair or Fine 
Weather. 
a) The F i e l d Pulses. 
The r a p i d i t y w i t h which the f i e l d changes during the 
passage of a pulse suggests that the charge i s f a i r l y concent-
rated. Small charge concentrations could not e x i s t f o r long 
i n a turbulent atmosphere f o r the dispersion processes w i l l 
be quite rapid. Both the measurements of charge v e l o c i t y and 
the f a c t that the pulse form i s unaltered during i t s passage 
from one m i l l t o the other suggests that the charge pocket i s 
above tree-top l e v e l . A l l these clues tempt us t o look f o r 
some f a i r l y l o c a l source of positi v e charge which finds i t s e l f 
about 50m above the Observatory shortly a f t e r being l i b e r a t e d . 
Some time was spent i n t r y i n g t o i d e n t i f y t h i s source, at 
one time i t was thought th a t a l o c a l chimney(&km t o the NW) 
was the c u l p r i t but even when the smoke was blowing d i r e c t l y 
over the Observatory there was no i n d i c a t i o n that t h i s p o l l u t -
i o n was charge bearing. As a l l but one pulse appeared t o 
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originate from the westerly quadrant, attention was concent-
rated i n t h i s general di r e c t i o n . 
Seventy years ago Lord Kelvin suggested that the large 
quantities of positive charge emitted with locomotive steam 
might play a part i n the production of atmospheric e l e c t r i c a l 
disturbances. Kelvin's idea has since been oupported by many 
workers,- for example Rudge(1914) has detected the e f f e c t s of 
positive charge liberated by locomotives, some 200m downwind 
of the engine. Muhleisen(1953) and Chalmers(1952) both report 
f i e l d increases of over 200v/m near locomotives. With t h i s 
p o s s i b i l i t y i n mind Fig.35 was drawn. Here the number of 
f i e l d pulses i s plotted on a polar diagram against d i r e c t i o n 
from which they appeared to come. Superimposed on the polar 
diagram i s a scale map of the main railway l i n e s round the 
Observatory. Although i t was not possible to associate any 
p a r t i c u l a r pulse with a p a r t i c u l a r t r a i n , because the l i n e was 
not v i s i b l e from the Observatory, Fig.35 does seem to support 
the hypothesis that the f i e l d pulses are due to pockets of 
positive charge l e f t behind a f t e r locomotive steam has evapor-
ated. However* to a c e r t a i n extent the polar diagram also 
represents a frequency diagram of wind di r e c t i o n . 
Assuming that locomotive steam i s responsible for the 
pulses then i t seems probable that the evaporated steam w i l l 
leave a l i n e charge i n the a i r . The f i e l d below an i n f i n i t e 
l i n e charge of density e c/m and of height h above the surface 
i s given by, 
t/here x i s measured at right angles to the l i n e and front a 
point immediately below. I f V i s the l a t e r a l velocity of the 
l i n e and t» 0. when x»0 then, 
E - ^ Em** = 
Let t«tT when E*Emax/2, then, 
7, Emax and t * are a l l measurable quantities so that e and h 
may be calculated for each pulse. Values of e and h c a l c u l -
ated t h i s way are given i n Fig.31 and appear reasonable, 
although the calculated heights are greater than expected, 
but then the l i n e charge w i l l hardly be i n f i n i t e i n extent 
nor uniform i n density. 
I n the an a l y s i s of records i t was a simple matter to 
identify the main f i e l d pulses but many of the smaller f i e l d 
variations might have originated from locomotive charge but 
i t does not appear possible to distinguish these from the 
"natural" v a r i a t i o n s . 
b) F i e l d Patterns and Convection Currents. 
We now turn to a discussion of the ncusp»like n v a r i a t -
ions of the F a i r Weather f i e l d . Some d e t a i l s of the most, 















mr\. 26/3/53 4/8 Cu. 6.0 9.2 1.08 3310 2700 . 
26/3/53 6/8 Cu. 6.5 10.0 1.20 3900 2700 









24 A/53 6/8 Cu./ Sc. 7.5 4.7 1.14 
2100 1700 
3C-A/53 5/8 Cu. 4.2 6.0 1.10 1450 ? 
6/5/53 7/8 Cu./ Sc. 
5.8 4.7 0.94 1670 1000 
23/5/53 7/8 Cu./ Sc. 
9.0 7.0 1.13 3770 1200 
23/7/53 6/8 Cu. 4.6 10.6 1.27 2900 2500 
23/7/53 6/8 Cu. 6.3 10.4 1.23 4200 2500 
22/9/53 3/8/Cu. 6.2 13.7 1.47 5100 Laose. 
22/9/53 1/8 Cu. 9.0 10.5 1.35 5700 Lapse. 
Av.- 6.2mins. Av.-3400m. 
Table 4 Details of F a i r Weather Patterns. 
period(Col.3) gives the average time i n t e r v a l between success-
ive positive peaks. Knowing the horizontal speed of the 
charges involved i t i s possible to calculate the horizontal 
extension of the pattern elements, these calculated s i z e s are 
given i n Col.6. From t h i s table and from the r e s u l t s previ-
ously given the following c h a r a c t e r i s t i c s may be ascribed to 
the patterns; 
i ) There appears to be some form of charge d i s t r i b u t i o n 
which repeats i t s e l f at about s i x minute i n t e r v a l s and 
occupies about 3.5km i n the horizontal plane. 
i i ) Although no direct relationship was found between the 
patterns and individual clouds, the patterns were only found 
under Cu. sk i e s . 
i i i ) The charges responsible for the patterns appears to be 
d r i f t i n g with the wind at a mean height of 10-300m. 
i v ) The patterns are transitory, they often appear and die-
out at regular i n t e r v a l s . 
The most important clue as to the origin of these 
patterns seems to be the fact that they are co-existent with 
Cu. clouds yet do not appear to be due to charges within the 
clouds. Whatever atmospheric process i s responsible for the 
Cu. clouds of f a i r weather might therefore be responsible for 
the d i s t r i b u t i o n of charge i n space which gives r i s e to these 
patterns. An obvious p o s s i b i l i t y i s that the patterns are 
connected with convection, for the thernials of f a i r weather 
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are known to occur often i n the form of regularly repeated 
v e r t i c a l a i r currents. 
I f a r e l a t i o n i s to be established between the "cusp-
l i k e " variations and convection currents, then i t would be an 
advantage i f the exact form of the l a t t e r was known. Unfort-
unately there does not appear to be a generally accepted 
picture of convective motion. Early workers suggested a c e l l -
l i k e structure based on the ideas of Benard, where the unit 
c e l l consists of a downdraft surrounded by an annular updraft. 
Brunt(1939) suggests that i f the Benard process occurs i n the 
lower atmosphere then the c e l l s should be about l-3km i n 
diameter. Blamford(1929) from observations made on the f l i g h t 
paths of thousands of p i l o t balloons comes to the conclusion 
that convective motion may be i n the form of long, horizontal, 
c y l i n d r i c a l r o l l s about l-2km i n diameter. A detailed survey 
of wind structure over l e v e l country was made by Giblett(1932) 
and he explained c e r t a i n periodic variations i n wind speed by 
assuming a basic c e l l structure 1-3km wide. Ralney(1947), 
from sailplane measurements, found convection c e l l s 3-4km wide 
i n the downwind cross-section. Durst(194#) found evidence of 
eddies or " a i r - p a r c e l s " from 3-16km i n diameter at heights 
above 1km. 
A more recent picture of convective motion i s that of 
Scorer and Ludlam(1953). Here a bubble of warm a i r breaks 
away from i t s source on the surface and r i s e s up along a 
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curved path through the wind gradient to about the inversion 
l e v e l . A i r c r a f t observations have detected these bubbles and 
James(1953) te n t a t i v e l y suggests that they are 0.1-2.5kra i n 
diameter, Yates(1953) believes one w i l l be found i n each 
square kilometre. 
From the examples quoted there seems l i t t l e doubt that 
iv\oV5on 
there e x i s t s i n the atmosphere a form of convectiveAin which 
the basic " c e l l " i s about 2km wide; a value not f a r removed 
from the separation distances involved i n our charge pattern. 
As individual clouds need not bear any close relationship to 
the convection currents beneath them, there i s no need to 
anticipate a close connection between cloud and f i e l d . Con-
vective patterns are known to continually break-down and 
reform, a c h a r a c t e r i s t i c also displayed by the f i e l d patterns. 
I t has been suggested that the s i z e of the " c e l l s " might bear 
a simple relationship to the height of the inversion layer. 
Approximate heights of t h i s layer(obtained from the Daily 
Aerological Report) are given i n Table U for the days on which 
the patterns occurred, but no simple relationship appears to 
e x i s t i n these cases. 
Assuming that f i e l d patterns and convection currents are 
closel y related, what i s the actual mechanism involved? This 
problem would be l e s s d i f f i c u l t to answer i f more were known 
about the form of the currents. For the present one can only 
suggest a number of possible mechanisms, any one of which 
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might f i t the observed f a c t s . For example, i f wc assume the 
bubble picture, then a r i s i n g bubble might carry up a volume 
charge of density appropriate to the height of i t s formation. 
As such a bubble passes overhead, the f i e l d displacement would 
have a "cusp-like" form. I f t y p i c a l values of bubble s i z e , 
bubble height and space charge density near th© surface are 
used, then the bubble picture gives f i e l d displacements of 
about the right order. 
During the investigation an attempt was made to correlate 
a i r temperature variations and wind velocity fluctuations with 
the f i e l d patterns i n order to t e s t the convection current 
theory. So f a r as temperature was concerned there was no 
marked variation with a period of s i x minutes or so. This i s 
to be expected, for the thermometer was below tree-top l e v e l 
and therefore i n a i r which had been mixed by turbulence. Wind 
velocity fluctuations showed more promise for they frequently 
contained a large s i x minute component but there did not 
appear to be any fixed connection between the f i e l d patterns 
and the velocity variations. Again t h i s might be explained by 
assuming that the form of the surface wind disturbance depends 
to a great extent on the height of the bubble whereas the form 
of the f i e l d pattern does not. 
c) Influence of Atmospheric V e r t i c a l S t a b i l i t y . 
I f c e r t a i n f i e l d variations i n F a i r Weather derive from 
convective motion, then i t i s possible that a more general law 
e x i s t s r e l a t i n g f i e l d unrest and atmospheric v e r t i c a l 
s t a b i l i t y . As mentioned i n section S.2, the lower atmosphere 
i s generally stable, neutral, or unstable, i f the v e r t i c a l 
temperature gradient i s a l g e b r a i c a l l y greater than, equal to, 
or l e s s than, the adiabatic lapse r a t e . 
Now the F a i r Weather r e s u l t s indicate considerable f i e l d 
unrest under Cu. skies; such clouds are normally associated 
with large lapse rates and hence a high degree of turbulence. 
This turbulent motion of the a i r ensures a thorough mixing of 
the positive charge i n the f i r s t few hundred metres so that 
the mean f i e l d i n these conditions would tend to vary l i t t l e 
from period to period. Superimposed on t h i s mean f i e l d w i l l 
be large short-period fluctuations due to small-scale density 
variations i n the charge d i s t r i b u t i o n . 
Turning now to the problem of the very steady f i e l d i n 
Fine Weather we are tempted to look for a s t a b i l i s i n g temper-
ature gradient. Unfortunately the v e r t i c a l temperature 
gradient i s not measured at Durham, so any attempt to c o r r e l -
ate unrest and gradient must be very approximate. The Met. 
Office Daily Aerological Reports contain upper a i r measure-
ments made at various stations i n the B r i t i s h I s l e s . The 
three nearest stations to Durham are Liverpool(Lanes.), 
Leuchars(Fife) and Hemsby(Norfolk). From the measurements 
made at these three stations i t was possible to determine 
whether the temperature gradient over W. England was negative 





3/3/53 2.9 447 
4/3/53 2.9 340 
4/3/53 3.9 513 
6/3/53 5.7 485 
9/3/53 1.6 1320 
24/3/53 ^.7 390 
20/4/53 1.8 1220 
21/4/53 1.6 313 
9/6/53 2.4 1040 
29/10/53 3.a Lapse/lsoth 




11/3/53 8.1 1450 
26/3/53 10.6 2760 
31/3/53 21.0 4900 
30/4/53 20.0 Lapse/Isoth. 
22/7/53 7.5 Lapse. 
23/7/53 10.2 Lapse. 
23/7/53 19.0 Lapse. 
27/7/53 8.i» 2900 




Table 5 F i e l d Unrest and Inversion Heights 
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at a l l heights, or i f not, the approximate height of the 
inversion l e v e l . Table 5 contains these very approximate 
inversion heights for both Fine and F a i r Weather periods. 
I f the inversion l e v e l i s within tho f i r s t few hundred metres 
then i t i s probable that the mean temperature gradient w i l l 
at l e a s t be alg e b r a i c a l l y greater than the adiabatic lapse 
rate, hence turbulence w i l l be s l i g h t i n t h i s region. Table 
5 suggests that the Fine Weather recordings were i n f a c t made 
during conditions when i t was possible for the lower atmos-
phere to be i n a f a i r l y stable st a t e . Of course, the general 
meteorological conditions of Fine days are those normally 
associated with a stable atmosphere. 
A point previously mentioned i s that f i e l d pulses vtore 
not detected on Fine days. Their absence might be accounted 
for i n terms of a s t a b i l i s i n g gradient for under these condit-
ions the stjjfeara would not r i s e very far above the surface and 
the charges would be drawn quickly into the ground by electro-
s t a t i c forces. 
To sura up t h i s discussion i t i s suggested that the degree 
of f i e l d variation during general f a i r weather conditions i s 
dependent on the v e r t i c a l temperature gradient i n the lower 
atmosphere. With a super-adiabatic lapse rate there i s vert-
i c a l i n s t a b i l i t y , large turbulence and hence a very variable 
f i e l d . I n inversion conditions the atmosphere i s usually 
stable, turbulence s l i g h t and the corresponding f i e l d steady. 
k s * 7 e ? , 1 0 
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Fig.36 V a r i a t i o n of F i e l d Unrest with Wind Speed. 
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This conclusion i s complementary to that of Simpson(1949) who, 
for disturbed weather conditions, found that the most variable 
f i e l d s occur under conditions of greatest v e r t i c a l i n s t a b i l i t y , 
d) General. 
Dupier and Collardo(1933) found that there i s a s t r i k i n g 
p a rallelism between the f i e l d s as measured at points 1500n 
apart, variations of 1 or 2v/m are duplicated. They claim 
that the variations are apparently simultaneous, i r r e s p e c t i v e 
of wind direction. The present findings are not i n agreement 
with these r e s u l t s . I n the present case i t was found that 
over distances of about 1000m the f i e l d s differed considerably 
i n d e t a i l . Over separation distances of 100m the differences 
i n fine structure increased as the angle between the f i e l d 
measuring instruments and the surface wind increased. The 
present conclusions are more i n agreement with those of 
Muhleisen(1953). 
Israel(1943) from records obtained from a f i e l d varlo-
graph(which measures dE/dt) finds an increasing f i e l d unrest 
with an increasing tsind speed. A s i m i l a r r e s u l t i s suggested 
by Fig.36. This i s to be expected i f the f i e l d variations are 
primarily due to the motion of windborne charges, although the 
fac t that greater turbulence i s often associated with high 
wind speeds i s a factor not to be ignored. 
An Interesting r e s u l t i s that of Lecolazet(1943) who 
finds that the conductivity below the inversion l e v e l i s often 
95 
only about one tenth of the conductivity above. Here i s 
d i r e c t evidence of the effect of a s t a b i l i s i n g temperature 
gradient, for the inversion l i m i t s the extent of the dispers-
ion of pollution from the surface. Above the l e v e l the a i r 
i s comparatively clean so that the conductivity i s high. 
Although Lecolaset(1946) claimed to have found an effect 
of F.t'J.Cu. on the surface f i e l d , the present investigation 
c e r t a i n l y found no evidence of net charge i n such clouds nor 
could i t i d e n t i f y any e f f e c t s due to the cloud*s conductivity. 
The magnitude of the surface f i e l d d i s t o r t i o n due to a poorly 
conducting cloud passing overhead i n a uniform current f i e l d 
has been t h e o r e t i c a l l y investigated by Kasemir(195£J. Without 
going into the d e t a i l s of such a theory i t can be stated that 
i n order for a spherical cloud to have an appreciable effect 
on the surface f i e l d i t s diameter must be greater than one 
kilometre, i . e . , nuch bigger than the average F.W.Cu. A more 
r e a l i s t i c t h e o r e t i c a l approach has been made by Lecolazet and 
Pluvinage(194$) who considered a t y p i c a l cloud imbedded i n the 
boundary of two media of different conductivities, i . e . , a 
cloud situated at the Inversion l e v e l . Both the theory and 
actual measurements i n and around clouds showed that the d i s t -
ortion of the primary large-scale f i e l d i s small and would 
hardly be f e l t at the surface. One of the main d i f f i c u l t i e s 
involved i n trying to detect the surface e f f e c t s of F.U.Cu. i s 
that any small effect the cloud might have w i l l be eclipsed by 
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Via. 100m Decreasing. 




Via. 550m Increasing. 




Vis. 400n (Low cloud) 




Via. 1km Increasing. 




Via. l k a . Increasing. 




Via. 600m Increasing. 




Vis. 60a. Decreasing 
•400 300/1.0 1.0 1.00 
fW \-\2 
Table 6 Mist and Fog Conditions. 
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10. MIST, FOG AMP THE OVERCAST SKY. 
10.1 Mist and Fog. 
I n mist and fog the f i e l d s at Durham are very variable 
both i n magnitude and sign.. Damp conditions are favourable 
for the emission of negative charge from high tension cables 
(or t h e i r supporting i n s u l a t o r s ) which pass on the east e r l y 
side of the City, hence the sign of the f i e l d depends lar g e l y 
on the surface wind direction, as shown by Chalmers(1952). 
I n f a c t , negative f i e l d s generally occur when the wind blows 
from any direction between K.-S. v i a E., ac shown by Table 6. 
Only on one occasion was the f i e l d large and positive, a 
c h a r a c t e r i s t i c normally associated with conditions of reduced 
conductivity. During t h i s period the f i e l d was often 200v/m 
greater than the M value for the point discharger,, yet no 
current floi?ed, presumably because the f i e l d f o i l away rapidly 
with height as suggested by VJormell(1927). 
Values of Vs, Vc and R are also given i n Table 6 and 
again windborne charges appear to be the prime cause of the 
f i e l d variations. 
Fig.37a i l l u s t r a t e s a r e s u l t that i s t y p i c a l not only of 
fo£Sy conditions but of many others as w e l l . The two curves 
represent the f i e l d s at two points 960m apart during a period 
when the surface wind was blot-jing from the Laboratories to 
the Observatory, even so the variations are often so d i s s i m i l -
a r that delay times are impossible to measure. ?Jhere these 
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Fig,37 Fields i n Mist and Fog. 
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times have been measured they show considerable variation and 
are d i f f i c u l t to in t e r p r e t . 
The wave-like variations of the f i e l d during mist and 
fog are we l l known and a comparison of the Photometer output 
with these variations, Fig.37b, v e r i f i e s the fa c t that they 
are due to undulations i n either the fog depth or density. 
I n both positive and negative f i e l d s i t was found that the 
darker patches of fog were associated with the greatest f i e l d 
strength; a possible interpretation i s that i n the case of 
the positive f i e l d the denser fog had the smaller conductivity 
whilst i n a negative f i e l d the denser fog patches contained 
the most negative charge. Naturally when the f i e l d s f l u c t u a t -
ed about zero the records were more d i f f i c u l t to inte r p r e t . 
10.2 The Overcast Sky. 
This sub-section i s concerned with the periods during 
which the sky was v i r t u a l l y overcast. Although on a l l the 
occasions discussed no precipitation a c t u a l l y reached the 
ground, on some occasions r a i n appeared imminent. 
Naturally many of the f i e l d c h a r a c t e r i s t i c s which appear 
i n Fine, F a i r or'Foggy Weather may also occur i n the more 
meteorologically disturbed conditions so that we must expect 
the origins of the f i e l d variations to become more diverse as 
we progress. 
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introduced, i . e . , charges on clouds. Table 7 contains d e t a i l s 
of four t y p i c a l overcast days and shows how the mean f i e l d may 
be either positive or negative. The existence of negative 
f i e l d s during periods when the v i s i b i l i t y was quite good ruled 
out the p o s s i b i l i t y of the charges originating from high 
tension cables, so a new problem was posed. I t was t h i s . 
problem of negative f i e l d s under overcast skies that f i r s t 
c a l l e d for an instrument of the form of the Sky Photometer for 
i t was apparent to the observer that the gentle undulations of 
the f i e l d were following s i m i l a r undulations i n cloud s t r u c t -
ure. 
Fig.38 shows how the f i e l d varied with Photometer output 
on two occasions. The relationship between the two outputs 
suggests that the l i g h t e r portions of the cloud contain a net 
positive charge whilst the denser or thicker parts contain a 
net negative charge. Measurements of delay times gave veloc-
i t i e s along the dir e c t i o n of cloud motion which were generally 
greater than the surface wind velocity and i n some cases 
approached the geostrophic value. A t y p i c a l anomalous case i s 
that of 15/6/53, when the charge v e l o c i t y was almost equal to 
that of the surface wind, yet a l l other factors pointed to the 
charges being i n the cloud. Subsequent checks on the Dally 
Aerological Report showed that on t h i s p a r t i c u l a r day the wind 
velocity was almost constant with a l t i t u d e . 
On the 18/3/53 the Photometer was used for the f i r s t time 
I t l l f t t . 7/a 5c T PHOTO, 
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and on that day one of the most In t e r e s t i n g records of the 
whole investigation was obtained. Fig.39a shows the morning 
record made under t h i c k Sc. The marked correlation between 
Photometer and f i e l d leaves l i t t l e doubt that the wave-like 
variations of the l a t t e r were due to the passage overhead of 
a charge structure which varied p e r i o d i c a l l y i n space i n 
almost the same manner as the cloud structure. Eye observat-
ions indicated some r o l l structure oblique to the direction 
i n which the cloud was t r a v e l l i n g . The time delays were very 
clear-cut and were consistent with charges t r a v e l l i n g at cloud 
base l e v e l . Later i n the day the Sc. thickened s t i l l more and 
negative f i e l d s occurred spasmodically, Fig.39b, indicating 
the presence of negative charges. Upper a i r reports indicated 
a freezing l e v e l at about 1600m, the cloud base was at 800m. 
Fig.39c shows a more t y p i c a l record made under Sc. s k i e s . 
Figs.39a & 39b are very s i m i l a r to some of Simpson*s wave-
l i k e f i e l d patterns and occurred under the same conditions of 
low cloud and no precipitation* Whereas Simpson's patterns 
were usually symmetrical about zero and had amplitudes of 
about 500v/m, the waves i l l u s t r a t e d here are assymmetrical and 
have much smaller amplitudes. However, there seems no reason 




The f i e l d variations i n mist and fog are well understood 
and the present investigation appears to have added l i t t l e to 
the ex i s t i n g knowledge. A profitable l i n e of investigation 
would be to mount two m i l l s so that one was upwind and the 
other downwind, of a high tension l i n e . This was a c t u a l l y 
t r i e d , using the present m i l l s as battery-operated portable 
instruments but on t h i s f i r s t and only occasion the mist 
cleared whilst the m i l l s were being set up and nothing of 
i n t e r e s t was detected. New high tension cables are being 
b u i l t round Durham City and eventually w i l l e n c i r c l e the 
Observatory and future f i e l d investigations w i l l therefore be 
further complicated. 
Turning now to a discussion of the wave-like variations 
of the f i e l d under overcast skies we may make one or two 
remarks before going into the problem i n d e t a i l i n the l i g h t 
of further evidence given l a t e r . 
One explanation of these f i e l d patterns might be that 
periodic variations i n the a i r - e a r t h current are caused by 
variations i n the t o t a l v e r t i c a l resistance of the cloud which 
i n turn i s due to cloud thickness v a r i a t i o n s . Without going 
into a quantitative discussion of t h i s hypothesis two f a c t s 
suggest that such a process i s very u n l i k e l y . I n the f i r s t 
case i t seems most un l i k e l y that the l i n e s of current flow 
could extend from the cloud_to the ground yet r e t a i n a  
no;t cf 
2V SEP W8 
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periodic structure i n the horizontal cross-section. Long 
before the current flow l i n e s reach the surface they would 
merge into an almost uniform c u r r e n t - f i e l d . From the records 
i l l u s t r a t e d the f i e l d disturbances involved are about dOv/ra 
i n amplitude and simple calculations show that either the 
cloud thickness must be exceptionally great or that the i n t e r -
nal conductivity must be very small i f conductivity e f f e c t s 
are responsible for the wave-like patterns. However, one 
factor above a l l appears to r u l e out conductivity e f f e c t s as a 
major process; the occurrence of negative f i e l d s must be 
associated with negative charge and no pure conductivity 
ef f e c t s at cloud l e v e l could possibly produce free negative 
charge i n s u f f i c i e n t quantities to reverse the normal positive 
f i e l d . 
The negative charge might have originated from high tens-
ion cables for i n the case of 18/3/53 the wind was e a s t e r l y . 
The nearest cables to the east of the Observatory are 4km 
away, therefore, for the charges to have reached the cloud 
base(800m) i n a horizontal distance of 4km, t h e i r v e r t i c a l 
velocity must have been 0.8/4 times the wind ve l o c i t y . On the 
occasion under discussion the charges must have climbed at 
over lm/sec i n order to reach the cloud base by the time the 
cloud reached the Observatory. Such a rate of climb seems 
most un l i k e l y . Of course, the charges might have originated 
further downwind but then one would expect them to be 
103 
distributed between the cloud and the. ground and not j u s t i n 
or near cloud base. 
A hypothesis which seems to account for the observations 
i s one which attributes the f i e l d patterns to alternate 
positive and negative l i n e charges i n the cloud base. The 
patterns of 18/3/53 can be explained i n terms of l i n e s 
charges d r i f t i n g overhead with the wind. The problem remain-
ing i s to account for the presence of these charges. Are 
they l e f t i n the cloud long a f t e r precipitation has ceased or 
can charge be generated and separated i n layer clouds without 
the necessity of precipitation reaching the surface? This 
problem i s discussed l a t e r i n the l i g h t of further evidence. 
A f a c t that might have some bearing on the origin of 
undulating charge structures i s that radar echoes r e f l e c t e d 
from layer clouds have been found, Browne(1952), to vary i n 
i n t e n s i t y i n such a manner as to suggest a s t r i a t e d cloud 
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Table 8 Conditions i n Precipitating St. 
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11. PRECIPITATION FROM LAYER CLOUDS. 
11.1 Rain and D r i z z l e . 
I n general the f i e l d s beneath pr e c i p i t a t i n g Stratus cloud 
exhibit smooth variations of a hundred or so v/m about a small 
mean negative f i e l d . Table 8 gives the d e t a i l s of a l l the 
stratus periods covered by the investigation. Col.2 gives the 
usual d e t a i l s plus an abbreviated weather sequence and an 
approximate cloud height and freezing l e v e l . Instead of the 
usual mean f i e l d , Col.3 gives the peak f i e l d s which occurred 
during the recording. From Col.6 we see that the R values 
average to 1.16 and that the charge speeds when resolved along 
the cloud direction are much greater than the surface wind 
speed. Such speeds are appropriate i f the average charge 
height i s about halfway between the surface and the geostroph-
i c l e v e l . From the values of cloud height and freezing l e v e l 
i t appears that the temperature of the cloud base was well 
above freezing on most occasions. 
Fig.40 shows some t y p i c a l records and again there i s 
often a good correlation between f i e l d and Photometer output. 
I n general there appears to be l i t t l e to distinguish the 
f i e l d s under precipitating St. from those under non-precipit-
ating St., except that the f i e l d strengths are usually greater 
i n the former. The a r r i v a l of precipitation at the surface 
does not seem to influence the f i e l d to any appreciable extent. 
F i e l d disturbances appear to be dependent on the cloud charges 
(* These speeds are given i n brackets under Vc.) 
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Table 9 Rain from Layer Clouds. 
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more than anything e l s e . The thickest or more dense regions 
of the cloud appear to contain the most negative charge. On 
some occasions the f i e l d was at a l l times positive during 
precipitation, on others persistent negative f i e l d s occurred 
long a f t e r precipitation had ceased. 
The f i e l d s at the Laboratories and the Observatory have 
been compared i n Fig,41. As often with small f i e l d s the 
variations at the two s i t e s d i f f e r so much that i t i s d i f f i -
c u l t to measure the time delays. The estimated delay given 
on Fig.41 assumes the charges moved with the surface wind. 
On most occasions under St. the f i e l d variations were of 
a wave-like nature. There i s l i t t l e doubt that these waves 
are due to the horizontal motion of charges within the cloud 
layer and that the charge d i s t r i b u t i o n tends to be governed 
by the st r u c t u r a l variations of the cloud. 
Precipitation from Ks. i s usually much heavier than that 
from St. so i t i s to be expected that the associated f i e l d s 
are also larger. This i s v e r i f i e d by Table 9 for here the 
maximum f i e l d s exceed 1000v/m. I n general, the f i e l d s under 
Ns. show variations s i m i l a r to those under St. but the changes 
are more rapid and have greater extremes. The mean E i n Table 
9 i s 1.25, which suggests that the main charges have a mean 
height which i s greater than i n previous cases. 
That r a i n i s not e s s e n t i a l for f a i r l y rapid f i e l d changes 
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commenced. Generally the f i e l d i s rapidly changing when 
heavy r a i n f a l l reaches the surface but the peak f i e l d s do not 
always occur at the time of maximum r a i n f a l l . Although the 
surface f i e l d appears to be dependent on cloudborne charges 
more than any other, there were occasions when i t looked as 
i f the charge on raindrops might account for the ra p i d i t y of 
the f i e l d change. 
Fig.43 shows the simultaneous f i e l d s at the Laboratories 
and the Observatory and i l l u s t r a t e s how charge motion i s 
governed primarily by cloud movement. Attention i s drawn to 
the f a i r l y rapid f i e l d change i n the absence of pre c i p i t a t i o n . 
Such changes cannot be explained i n terms of point charges but 
might occur beneath the junction of sheet charges. 
11.2 Snow and Sleet. 
There were only s i x occasions during which snow or s l e e t 
f e l l from layer clouds(including one case of Sc.) so that the 
records may not be representative of normal conditions. Table 
10 gives the usual d e t a i l s , while a l l s i x records are reprod-
uced i n Figs.44 and 45. I n snow the Photometer i d unreliable 
because the flakes tend to obstruct the aperture. 
A unique feature of the f i e l d s i n snow i s the high f r e -
quency of occurrence of large positive f i e l d s . Fig.45 i n 
par t i c u l a r shows a continuous positive f i e l d of over 400v/m. 
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over two hours continuous snow f e l l from Ns. and during t h i s 
period there were eighteen f i e l d r e v e r s a l s . The f i e l d v a r i a t -
ions were wave-like with an amplitude that rose to a maximum 
and then decayed. Nothing was observed which might have 
accounted for these variations but then the v i s i b i l i t y was 
very poor so l i t t l e but snow could be seen. This type of 
f i e l d pattern has received considerable attention from others 
(discussed l a t e r ) so i t was thought worth while to plot every 
value of the measured delay times for the whole record. This 
has been done i n Fig.47 and the r e s u l t shows f a i r l y conclus-
i v e l y that the patterns were caused primarily by charges 
moving v;ith the wind between the surface and the geostrophic 
l e v e l . The dotted l i n e s indicate the delay times expected i f 
the charges had moved with the mean surface wind or with the 
geostrophic wind as calculated from the pressure d i s t r i b u t i o n 
given on the D.W.Report. 
11.3 Discussion. 
I t seems appropriate at t h i s point to discuss possible 
charge generation processes i n Stratus clouds, for t h i s 
problem has received l i t t l e attention i n the past, yet offers 
conditions which are much more amenable to accurate measure-
ment than those associated with storm clouds. I t i s not 
suggested that the same processes are responsible for the 
main charges i n both layer and Cb. clouds but an understanding 
of one process should be an aid to investigators working on 
other charge separation problems. A d i s t i n c t i o n i s made 
between processes i n Stratus and PJimbo-stratus clouds. Such 
a d i s t i n c t i o n i s probably j u s t i f i e d , for the method by which 
pre c i p i t a t i o n i s formed appears to be different i n the two 
cloud types. 
a) Charge Separation i n Stratus Cloud. 
From the present investigation the following Impressions 
have been gained. 
i ) Generally the f i e l d i s negative under continuous St. 
cloud. This implies a negative charge above the surface of 
the earth and the r e s u l t s suggest that t h i s charge i s on or 
near the cloud base. Such charge i s often present on non-
preci p i t a t i n g clouds. 
i i ) I t appears that the thicker or denser portions of the 
cloud contain the more negative charge. Positive f i e l d s often 
occur under l i g h t e r parts of the cloud. As positive and 
negative charge pockets move with the wind so the surface 
f i e l d shoifs undulations i n the form of waves. 
i i i ) During the periods investigated the average height of the 
freezing l e v e l was 2.2km, whilst the average height of the 
cloud base was 450m. Therefore, i t appears that the main 
negative charge was well below freezing l e v e l , unlike the main 
negative charge i n thundor clouds. 
i v ) Precipitation i t s e l f does not seem to influence the 
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course of the surface f i e l d to any great extent but the 
clouds responsible for or containing in c i p i e n t precipitation 
carry appreciable charges which determine the main surface 
f i e l d v ariations. 
Although most of these points are not new, some are 
worthy of further discussion. There i s l i t t l e doubt that the 
main negative charge i s i n or near the cloud, therefore, any 
suggested charge separation process which leaves the main 
negative charge near the surface may be ruled out. Mason and 
MopT<rorth(1952) found that d r i z z l e frequently f e l l from St. 
under conditions which suggested that the drops were formed 
by a coalescence process and that i c e c r y s t a l s were not 
present. Only when the cloud-top temperature f e l l below -12° 
did the concentration of ice-forming nuclei become s i g n i f i c a n t 
for precipitation release. The present work found negative 
f i e l d s under d r i z z l i n g St. under conditions which suggested 
that the whole cloud was below freezing l e v e l . Hence i t seems 
that the i c e phase of water i s not e s s e n t i a l for separation of 
charge i n St. cloud. I f t h i s i s true, then many of the 
current theories of charge separation are not applicable to 
the St. cloud. 
The two current theories which might be applicable are 
those of Wilson(1929) and Frenkel(1944). Consider f i r s t the 
a p p l i c a b i l i t y of the Wilson process. I n the very early stages 
of development the f i e l d within the cloud w i l l be about 
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+2Q0v/m, assuming a straightforward flow of a i r - e a r t h current 
through the cloud. I f we assume the small ions within the 
cloud to have mobilities of about 10 m/sec. v/ra then they w i l l 
-a . 
move v e r t i c a l l y at speeds of about 2x10 m/sec. As the cloud 
developes the largest droplets might have diameters of about 
0.1mm and so f a l l , r e l a t i v e to the surrounding a i r , at speeds 
of about 0.2m/sec. Fence the drops w i l l f a l l f a s t e r r e l a t i v e 
to the downward moving positive ions. V e r t i c a l a i r v e l o c i t i e s 
i n St. are of the order of O.lm/sec and a general u p l i f t at 
t h i s rate might be s u f f i c i e n t to carry the positive ions 
upwards yet allow the drops to continue t h e i r earthward move-
ment. Such i s the situation i n which charge might be separat-
ed by the Wilson process, for the polarised drops would 
s e l e c t i v e l y capture negative ions and so carry negative charge 
to the cloud base. As the cloud developes so the rate of 
settlement of the larger droplets w i l l probably increase and 
negative charge w i l l tend to accumulate i n the lower regions 
of the cloud. When s u f f i c i e n t negative charge has accumulated 
the f i e l d between the cloud base and the surface w i l l become 
negative. Within the cloud the f i e l d i s positive and w i l l 
increase u n t i l ion v e l o c i t i e s overcome the ef f e c t s of the 
general u p l i f t of a i r . Up to t h i s point we have assumed that 
no precipitation has reached the surface, we now consider what 
happens when the droplets reach a s i z e which w i l l enable them 
to survive the Journey to the ground. An obvious suggestion 
I l l 
i s that the Uilson process again occurs, only t h i s time i n a 
negative polarising f i e l d . During t h e i r f a l l the drops w i l l 
capture positive ions and so reach the surface carrying 
positive charge. I f , for some reason, the charge d i s t r i b u t i o n 
i n the cloud i s reversed, for example, by the overturning 
e f f e c t s of a i r currents within the cloud which might force 
positive charge to the base, then the drops w i l l a r r i v e at the 
surface carrying negative charge. Hence we should expect the 
I ?rnirror-image" effect i n p r e c i p i t a t i o n from St., even without 
point discharge. 
I t i s appreciated that the above theory has many weak-
nesses and that there are a nuaber of observations which do 
not seem to f i t tho picture. Simpson(1949) could not explain 
h i s r e s u l t s i n terms of tho Wilson process. His r e s u l t s , 
however, war© averaged over a l l quiet r a i n conditions and 
therefore included Ms. cloud which usually contains i c e . I n 
addition, h i s apparatus may not have responded well to the 
very f i n e r a i n or d r i z z l e of St. Stockill(1955) using a more 
refined apparatus than that of Simpson finds that the "mirror-
image51 effect doos i n fact occur during f i e l d s which are too 
small to permit point discharge. Further, S t o c k i l l found that 
when plotting r a i n current against surface f i e l d , negative 
intercepts were more coiamon, that i s , as the current tended to 
zero, so the f i e l d tended to a small negative value. Simpson 
found that for small positive currents the f i e l d was positive, 
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so concluded that the r a i n charge could not have appeared as 
the r e s u l t of the Wilson process. S t o c k i l l also found that 
changes i n the sign of r a i n current tended to lag behind the 
associated changes i n f i e l d . Such r e s u l t s are to be expected 
i f the double'Wilson process i s operative i n layer clouds. 
The r e s u l t s of Smith{1951)» although not confined to layer 
clouds, leave l i t t l e doubt that the e l e c t r i f i c a t i o n of r a i n -
drops may be adequately explained i n terras of a se l e c t i v e 
ion-capture process. 
Naturally actual measurements made i n x-jarm clouds would 
remove a great deal of speculation but few such measurements 
appear to have been made. Gunn(1952) made some measurements 
i n warm swelling Cu. and although he found that i n a parties 
u l a r cloud the larger droplets carried positive charges, he 
remarks,"The w i t e r T s impression of the measurements was that 
warm clouds about to precipitate carried negative charges on 
the larger droplets; while clouds that were more stable tend 
to carry positive charges on the heavier droplets", A 
further observation that might be relevant i s the detection 
of negative precipitation currents i n wet fog, for example, 
Nolan(1940) and Scrase(1933). Conditions i n wet fog must be 
very s i m i l a r to those i n St. and i f , as i t has been found, the 
larg e s t droplets carry negative charge i n a positive f i e l d , 
then a s i m i l a r transportation of charge might occur i n cloud. 
There seems to be no obvious reason why Frenkel*s process 
should not operate i n clouds although i t would be d i f f i c u l t 
to distinguish from the Wilson process. However, the Frenkel 
process cannot explain the positive charge on pr e c i p i t a t i o n 
at the surface. 
Some escplanation i s required for the frequent good corr-
ela t i o n between f i e l d and Photometer output. This output 
presumably varies with cloud thickness or density. The 
thicker the cloud the greater the probability of growth of 
the droplets by the coalescence process and hence the greater 
t h e i r dovraward migration. As the number of f a l l i n g droplets 
increases so the rate of charge separation w i l l be greater and 
hence the larger the negative f i e l d below the cloud. The fact 
that l i g h t e r regions of the cloud often show positive charges 
night be explained simply i n terms of downward directed a i r 
currents which bring uppor cloud charges down or perhaps i t i s 
Just the effect of the F a i r Weather positive space charge 
breaking through the thinner regions of the cloud. 
There i s a fundamental problem regarding the e l e c t r i c a l 
structure of layer clouds, the answer to which would remove 
most of the speculation. I s a t y p i c a l layer cloud bi-polar, 
i . e . , i s there an upper positive charge, or i s the cloud uni-
polar with the positive charge carried to earth on the precip-
i t a t i o n ? Simpson(1949) could not accept the bi-polar picture 
but i t i s the wri t e r ' s b e l i e f that t h i s picture i s the more 
acceptable, for not only does i t agree with the shower and 
1 U 
storm cloud picture but most of the observed phenomena can be 
explained i f one assumes an upper positive charge. I f we 
assume t h i s charge to be carried down on r a i n then we are 
faced with the d i f f i c u l t y of explaining negative precipitation 
currents i n positive f i e l d s . Further, i t i s not easy to 
explain how negative charge appears on the base of non-precip-
i t a t i n g clouds, or what happens to the positive charge on 
drops i f they evaporate before reaching the ground. Above a l l 
there appears to be no adequate explanation as to how the 
drops acquire positive charge i n the f i r s t place, 
b) Charge Separation i n Nimbo-stratus. 
Generally Ns. cloud i s much thicker than St. and extends 
f a r above the freezing l e v e l . I c e c r y s t a l s play a v i t a l part 
i n precipitation processes, consequently any charge separation 
might involve the i c e phase of water. Although the Wilson or 
the Frenkel process could operate i n such clouds, i t i s very 
probable that some other process supplements the charges 
generated by the s e l e c t i v e capture of ions by water drops. 
The present investigation found l i t t l e that might be of 
value i n identifying the processes involved i n Ns. but the 
writer ' s general impression throughout the whole of the i n -
vestigation was that the basic processes of charge separation 
i n a l l clouds produced s i m i l a r external e f f e c t s . The most 
i n f l u e n t i a l charge i s nearly always the negative charge on the 
cloud base and many of the e l e c t r i c a l c h a r a c t e r i s t i c s under 
i i i 
layer clouds are found to occur under Cb. The magnitudes of 
the f i e l d s involved are, of course, very different and very 
large f i e l d s bring secondary processes into play which compli-
cate the picture, 
c) F i e l d s i n Snow. 
The main question that a r i s e s out of the study of f i e l d s 
i n snow i s why are the f i e l d s frequently so large and posit-
ive? Snow blown up from the surface might contribute a 
considerable amount of positive charge to the a i r and i t may 
be that t h i s charge i s superimposed on the charge system which 
has been generated within the clouds by the double Wilson 
process previously suggested. 
The wave-like pattern of Fig.46 i s of p a r t i c u l a r i n t e r e s t 
for Chapman(1949) and Simpson(1949) have both recorded s i m i l a r 
patterns. Chapman used two point dischargers, separated by 
about 3km, to measure f i e l d and came to the conclusion that 
the f i e l d changes could not be due to wlndborne charges. The 
delay times between the corresponding f i e l d changes at each 
s i t e were, according to Chapman, about 1/2 to 1/3 of the value 
expected i f the surface wind was responsible for carrying the 
charges. Such anomalous r e s u l t s can be explained partly by 
the fact that the main charges were moving with the winds a 
few hundred metres above the surface and partly by assuming 
that Chapman's dischargers suffered from point space charge 
effects(discussed l a t e r ) which act i n such a manner as to give 
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the impression of high horizontal charge speeds. 
The cause of the patterns i s not r e a l l y known. A 
possible explanation i s that v e r t i c a l a i r currents w i t h i n 
and below the clouds modify t h a t basic charge d i s t r i b u t i o n so 
as t o create a horizontal arrangement of positi v e and negat-
ive charge centres. Many of the f i e l d variations might be 
due t o the charges on the f a l l i n g snowflakes but not a l l the 
charges can be confined t o the f i r s t few hundred metres, f o r 
Chapman found f i e l d reversals up t o 3,000m during steady 
snowfall a t the surface. 
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12. THE CUMULO-NIMBUS CLOUD. 
This section deals with the most e l e c t r i c a l l y active of 
a l l clouds, that i s the shower and thunder cloud. The elect-
r i c a l and meteorological conditions associated w i t h such 
clouds are usually very complex, therefore, each cloud s i t u a t -
ion i s discussed i n d i v i d u a l l y , beginning w i t h the simple cases 
and concluding with the complex conditions under thunder 
clouds. I n many cases only a few determinations of the delay 
times were possible, either because the f i e l d disturbance was 
r e l a t i v e l y simple or because there was j u s t no cor r e l a t i o n 
between the upwind and downwind f i e l d s . Hence the values of 
Vc given on the following diagrams must be treated with some 
reservation. I n many cases simultaneous recordings were made 
at both Laboratories and Observatory but i n order t o prevent 
confusion i n the diagrams the Laboratories records have been 
reproduced only when a p a r t i c u l a r point requires i l l u s t r a t i o n . 
As previously discussed i n Section 7.2, current flowed 
from the point discharger only when the f i e l d strength exceed-
ed 400v/m. Therefore, i t seems appropriate t o c l a s s i f y the 
records obtained under Cb. clouds i n t o two groups. The f i r s t 
containing disturbances during which the f i e l d did not exceed 
400v/m, w h i l s t the second group i s concerned w i t h conditions 
during which the f i e l d exceeded 400v/m, f o r i n t h i s case point 
discharge currents played an important part i n determining the 
f i e l d at the surface. 
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12.1 Rain Shower Clouds, E<400v/m. 
I f there i s a net negative charge on the base of a Cu. 
or Cb. cloud, then t h i s charge w i l l create a V-shaped d i s t -
urbance at the surface as the cloud passes over. Fig.4$ gives 
three examples of t h i s basic pattern, with and without minor 
modifications. I n a l l three cases the clouds appeared t o be 
towering Cu. rather than Cb. f o r they had l i t t l e v e r t i c a l 
development and no Ci. tops. 
Fig.ifSa i l l u s t r a t e s an uncommon occurrence, f o r here the 
cloud produced a negative f i e l d at the surface yet no precip-
i t a t i o n reached the Observatory. I n f a c t no p r e c i p i t a t i o n was 
reported anywhere i n Great B r i t a i n during that p a r t i c u l a r day. 
On 26/3/53, Fig.4#b, the f i e l d had been very small below 
an extensive sheet of t h i c k As. but, as a pack of Cu. and Sc. 
passed over, there occurred a sudden negative f i e l d excursion 
followed shortly afterwards by a few drops o f r a i n . 
On 14/10/53 a succession of large towering Cu. passed 
over and three d i s t i n c t i v e patterns were recorded, Fig.4Sc. 
On one occasion a b r i e f negative excursion was recorded w i t h -
out p r e c i p i t a t i o n w h i l s t the main pattern was associated with 
a few spota of r a i n and showed s l i g h t modification of the 
basic V form. Attention i s drawn t o the f a c t that the r a i n 
reached the surface at the time of the maximum f i e l d change. 
Fig.49a i l l u s t r a t e s a pattern very s i m i l a r t o tha t of 
Fig.4&c. Again the r a i n reached the surface at the time of 
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maximum f i e l d change. The cloud type has been designated Cb. 
mainly because of the i n t e n s i t y of the p r e c i p i t a t i o n but i t 
had l i t t l e v e r t i c a l development and no Ci. top. 
Exceptions t o the general r u l e are i l l u s t r a t e d i n Figs. 
49b and 49c, f o r here the f i e l d appeared to suffer no d i s t u r b -
ance although r a i n f e l l from w e l l defined towering Cu. These 
clouds appeared t o be no d i f f e r e n t from the towering Cu. which 
caused negative f i e l d s but there must be some factor operative 
i n such inactive clouds which prevents the separation of 
appreciable charges. 
A number of points a r i s i n g out of Figs.4# and 49 require 
f u r t h e r discussion. I t i s possible f o r a single Cu. or Gb. 
cloud t o produce a w e l l defined V pattern without the necess-
i t y of p r e c i p i t a t i o n reaching the s i t e at which the f i e l d i s 
measured. I t also seems possible that Cu. clouds might carry 
net negative charge i n t h e i r bases even though no p r e c i p i t a t -
ion f a l l s from the cloud. On the other hand the f a c t t h a t 
p r e c i p i t a t i o n f a l l s from a cloud does not guarantee the 
presence of appreciable net charges w i t h i n the cloud. Hence 
i t seems that the Wilson process might be operative i n the 
early stages of Cu. development but the quantity of charge 
separated w i l l probably depend c r i t i c a l l y on the v e r t i c a l a i r 
currents w i t h i n the cloud. 
When studying Figs.4$ and 49, i t w i l l have been noticed 
t h a t three of the V patterns show a d e f i n i t e assymmetry about 
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the peak of the V. The negative f i e l d appears t o persist 
long a f t e r the cloud has passed and the e f f e c t gives one the 
impression that negative charge i s t r a i l i n g behind the cloud. 
Such a pattern might be produced i f the raindrops carry 
negative charge on leaving the cloud base, then as they f a l l 
they w i l l lag behind the cloud(due t o the wind gradient) and 
i f they evaporate before reaching the ground a region of 
negative space charge might be l e f t i n the a i r t o hang from 
the cloud i n the form of a t a i l . This lagging e f f e c t of the 
f i e l d i s very common i n Cb. conditions and fu r t h e r examples 
are given l a t e r . I n general the V patterns cannot be explain-
ed i n terms of a simple d i s t r i b u t i o n of point charges nor by 
assuming a cl a s s i c a l bipolar cloud. I n many cases there was 
no i n d i c a t i o n of an upper posit i v e charge but t h i s might be 
due t o the f a c t that the negative charge extends w e l l below 
the cloud base and therefore screens any upper charge from an 
observer on the surface. I n some cases the shower pattern 
tends towards a W form but no conclusive evidence i s available 
which would i d e n t i f y the cause of the central p o s i t i v e peak. 
The general impression i s t h a t the f i e l d disturbances due t o 
small Gb. are mainly due t o the negative charge on the cloud 
base and p a r t l y due t o charges on raindrops and space charge 
l e f t i n the a i r a f t e r the drops evaporate. Values of R also 
give the impression that the main charges responsible f o r the 
patterns are below the geostrophic or cloud l e v e l . 
>—*~ V - s 
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Fig.50 I l l u s t r a t i n g the p r i n c i p l e of the Point 
Space Charge E f f e c t . 
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12.2 Rain Shower Clouds, EHOOv/m. 
For the moment we might assume that when current flowed 
from the point discharger above the Observatory the resultant 
space charge flowed from the point i n a manner si m i l a r t o 
t h a t of smoke flowing from a chimney. Even i f the space 
charge i s carried on small ions then the ion motion must be 
determined p r i m a r i l y by wind motion, except i n the Immediate 
v i c i n i t y of the point where the e l e c t r i c f i e l d i s intense. 
As the ions are carried downwind they w i l l form an approximate 
l i n e charge roughly p a r a l l e l t o the surface. Below t h i s l i n e 
charge the surface f i e l d w i l l s u f f e r considerable modification 
and t h i s f i e l d modification w i l l be referred t o as the point 
space charge e f f e c t . This i s discussed i n more d e t a i l i n 
Section 13 but f o r the moment we might assume t h a t Fig.50 
shows the p r i n c i p l e of the cause and e f f e c t . When the f i e l d 
strength exceeded 1500v/m i t i s believed that current flowed 
from the anemometer mast, and f o r larger f i e l d s from trees, 
etc. Hence when the primary f i e l d was intense, considerable 
quantities of current flowed from the Observatory area and the 
e f f e c t of the space charge on the downwind f i e l d should be 
considerable. I n order t o determine whether or not the point 
discharger was essential f o r the point space charge e f f e c t the 
discharger was removed f o r a few weeks during the i n v e s t i g a t -
ion. On the occasions when the point discharger was absent 





























Fig.51 shows an example of a t y p i c a l simple shower 
pattern, s i m i l a r i n form t o those already discussed. ( I n the 
fo l l o w i n g diagrams the record i s that obtained from the upwind 
m i l l at the Observatory unless otherwise stated). On the 
occasion of Fig.51, showers f e l l from small Cb. which were 
situated against a clear sky and had no Ci. tops. On t h i s 
diagram the peak f i e l d and r a i n appear i n t i m a t e l y connected 
and both lag behind the cloud. There i s l i t t l e doubt t h a t the 
main f i e l d variations were due t o the horizontal motion of 
charges associated with the clouds, or t h e i r r a i n , and t h i s i s 
supported by delay time measurements. The value of R i s lower 
than would be expected i f the main charges were e n t i r e l y 
cloudborne. During the f i e l d disturbance the point discharge 
current reached a maximum value of 1.5f*A. The e f f e c t of t h i s 
current on the downwind f i e l d was s l i g h t and was of the form 
i l l u s t r a t e d i n Fig.68a, section 13. 
Fig.52 shows two more simple shower cloud patterns which 
involved f i e l d s of j u s t over -lOOOv/m. Again the clouds were 
isolate d against a clear sky and no Ci. was v i s i b l e . During 
the passage of both clouds the surface wind increased w i t h the 
approach of the cloud, reached a maximum when the cloud was 
overhead, then slowly decreased as the cloud receeded. The 
wind d i r e c t i o n veered during the speed increase. This type of 
meteorological disturbance has been associated w i t h the pass-
age of thunder clouds, (Byers(1953)), but no reference appears 
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t o have been made associating s i m i l a r disturbances with 
shower clouds. Another feature shown i n Fig.52 i s the app-
roach t o a W pattern under the second cloud. Nothing was 
observed whieh might have accounted f o r the d i s t o r t i o n of the 
basic V pattern. About -1.3mC of charge was li b e r a t e d from 
the point discharger during the f i r s t shower and t h i s appeared 
t o cause the downwind f i e l d t o f a l l t o reach the peak f i e l d s 
of the upwind pattern although the basic form of the pattern 
was the same at the two s i t e s . 
Fig.53 i s an example of an anomalous f i e l d pattern. The 
main cloud appeared t o be part of a weak cloud f r o n t and an 
excellent view of the cloud was obtained a f t e r i t had passed, 
no G3L. top was v i s i b l e . The remarkable feature of t h i s 
pattern i s that the peak f i e l d s occurred a t a time when the 
cloud was over 10km away and with a clear sky overhead. A 
comparison i s made on the diagram between the corresponding 
f i e l d s at the Laboratories and the Observatory t o show how the 
pattern d i f f e r e d a t the two s i t e s . Again the r e s u l t s suggest 
that charges lag behind the cloud and that they are not con-
fined t o cloud l e v e l . I t seems most u n l i k e l y t h a t the main 
f i e l d variations were due t o a change i n cloud charge s t r u c t -
ure, i . e . , a v e r t i c a l motion of charge, or that any point 
discharge occurred i n the area, f o r the point was not erected 
and the f i e l d s were not very large. 
A p a r t i c u l a r l y anomalous pattern i s i l l u s t r a t e d i n Fig. 
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54, i n t h i s example the predominating f i e l d i s p o s i t i v e , 
suggesting a positive charge on or near the cloud base. Not 
only was the pattern unusual but also the cloud, f o r i t was 
unlike any normal shower cloud. During the shower the sky 
contained clouds at various l e v e l s , the r a i n f e l l from what 
appeared t o be a t h i c k sheet of As. and about 30mins a f t e r 
passing over the Observatory t h i s cloud sheet had completely 
disappeared. Prior t o the shower the sky had been f u l l of 
moderate Cb, but one hour a f t e r the shower the sky contained 
only a Sc. form of degenerate Cb. I t was the w r i t e r ' s impre-
ssion that the shower cloud i n question had been an active 
Cb. but was i n the f i n a l d i s s i p a t i n g stage by the time i t had 
reached Durham. Hence i t seems tha t the charge d i s t r i b u t i o n 
i n Cb. might a l t e r considerably with cloud age. The Laborat-
ories record showed an almost perfect reproduction of the 
Observatory f i e l d and the time delays were w e l l defined. As 
the agrlmeter and the two m i l l s l a y on a s t r a i g h t l i n e then 
the r a t i o of the delay times between the two m i l l s , and the 
agrimeter and one m i l l , should equal the r a t i o between the 
appropriate distances i f the charges responsible f o r the pat-
t e r n t r a v e l l e d at a constant speed. The values of these 
r a t i o s are given i n Fig.54 and show reasonable agreement. 
Note that the measured charge speed was 13.4m/sec, the wind 
at 1000ml5m/sec and the surface wind 7.4m/sec. Current from 
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patterns were similar, the downwind f i e l d suffered up to 30% 
transitory variations due to the d r i f t i n g space charge. The 
marked central depression i n the pattern cannot be explained 
with certainty but i t i s possible that i t was due to the 
passage overhead of a column of heavily charged rain. I t i s 
doubtful whether any cloudborne charges could be responsible 
for such a rapid f i e l d change. 
Up to t h i s point we have been concerned with f i e l d 
disturbances during which the f i e l d strength did not exceed 
1500v/m, for fi e l d s below t h i s value i t i s believed that 
current flowed only from the point discharger, consequently 
the point space charge effect was small. I n the following 
diagrams, which represent conditions of large surface f i e l d s , 
the point space charge effect was one of the main factors 
which determined the form of the disturbance. 
Fig.55 has been included i n order to I l l u s t r a t e the 
d i f f i c u l t i e s often Involved when try i n g to interpret simult-
aneous f i e l d recordings. I f point discharge current i s taken 
to be a measure of f i e l d strength then Fig.55 shows how 
l i t t l e correlation there can be between the f i e l d at the 
point and the f i e l d at the surface some 20m away. Note that 
one may find positive currents when the surface f i e l d i s 
negative, that changes i n sign of point discharge current 
usually lag on f i e l d changes by about 20secs(Hutchinson(1951) 
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sites separated by 1000m the f i e l d patterns may be very 
different. The f i e l d s i l l u s t r a t e d i n Fig.55 occurred under 
an overcast Ns. sky but at the beginning of the pattern there 
were two small changes i n f i e l d strength of a form normally 
associated with the transfer of charge by lightning. No 
thunder was heard at Durham but during that particular after-
noon thunder was reported at Dishford, over 100km away. I t 
i s practically impossible to measure time delays i n the dia-
gram because of the lack of correspondence between the 
various traces. Some of the confusion must have been due to 
the fact that there was a low pressure region centred over 
Durham on the afternoon of the 16/6/53* 
Fig.56 i s believed to be one of the most revealing 
i l l u s t r a t i o n s i n the whole of t h i s thesis. On 23/2/53 the 
afternoon presented a series of well defined shower clouds 
situated against a clear blue sky. The particular cloud 
i l l u s t r a t e d passed di r e c t l y over the Observatory and presented 
both at that s i t e and at the Laboratories, a sequence of 
clear-cut disturbances. The cloud did not appear to have a 
Ci. top. Consider f i r s t the form of the f i e l d disturbance at 
the upwind site at the Observatory. The basic pattern appears 
to be i n the form of a V but t h i s i s distorted by positive 
excursions at the beginning and end of the disturbance. Again 
the pattern lags behind the cloud. Note the way i n which the 
basic pattern i s modulated by rapid swings i n the positive 
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Wmm) giving the impression that small dense pockets of 
positive charge moved rapidly at low heights. Turning to the 
downwind f i e l d at the Observatory we see that the pattern i s 
very different, particularly so when the upwind f i e l d i s 
large. The difference i s just what would be expected i f 
point discharge occurred from objects between the two m i l l s . 
Such objects could only have been the anemometer mast or 
trees, for the point discharger was not erected. The point 
space charge effect acts i n such a manner as to displace the 
downwind f i e l d so that i t s sign tends to be opposite to that 
of the upwind f i e l d . When t h i s occurs the delay times have 
l i t t l e meaning and i f not Interpreted correctly give the 
impression of exceptionally high horizontal charge speeds. 
In fact at one point i n Fig.56 the downwind f i e l d crosses the 
zero axis about three minutes before the upwind f i e l d changes 
sign, yet when the fi e l d s are too small for point discharge 
to occur the delay times are appropriate to windborne charges. 
Comparing the fields at the Observatory with those at the 
Laboratories, some 1000m downwind, we see that the pattern 
has suffered further modification from point space charge 
with the result that the basic form of the original pattern 
i s l o s t . This modification i s significant, for the pattern 
i s beginning to take on the form of a series of positive and 
negative excursions. I f the f i e l d had been measured a 
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further 1000m downwind of the Laboratories we might have 
expected the large positive excursion apparent on the Labor-
atories record to have drawn negative charge from points or 
trees and i n turn t h i s new negative space charge might have 
caused negative fields further s t i l l downwind. In other 
words, the point space charge effect, i f maintained long 
enough, might break up the original V pattern into a series 
of positive and negative wave-like variations of the surface 
f i e l d . Hence i t appears that the term "space charge blanket" 
which i s often used with reference to conditions below thunder 
and shower clouds, i s far from an appropriate expression, for 
i f such a blanket exists i t must be very "lumpy". Also 
recorded on Fig.56 are the surface wind velocities during the 
shower. They show a familiar sequence of variation, the 
increasing speed before the cloud arrives, a gust at the 
shower centre followed by a decreasing speed and a general 
wind veer. I n fact, conditions under t h i s cloud were very 
similar to those normally found under thunder clouds and t h i s 
suggests that the difference between shower and thunder clouds 
i s mainly one of degree and that i n the former lightning does 
not occur because there i s insufficient charge separated i n 
the cloud to give fi e l d s large enough to cause breakdown. 
The pattern i l l u s t r a t e d i n Fig.57 i s even more complicat-
ed than those previously discussed. The frequent f i e l d 
reversals might well be explained i n terms of point space 
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charge effects. At the beginning of the pattern both upwind 
and downwind fie l d s and point discharge currents are a l l i n 
close agreement, and give the impression that a V pattern i s 
to follow. As the f i e l d increases a l l three parameters swing 
across the axis to show large positive values(note that t h i s 
coincides with the rain core). During the next two minutes 
the point discharge current was reversed i n sign and was 
appropriate to a f i e l d strength of -1500v/m, at this time the 
upwind f i e l d was about zero whilst the downwind f i e l d was 
about + 1000v/m. Hence at two sites separated by only 50m the 
surface f i e l d may d i f f e r not only i n magnitude but also i n 
sign and the form of the f i e l d pattern recorded at the two 
sites may be very different. This i l l u s t r a t i o n emphasizes the 
fact that measurements of the atmospheric electrical elements 
may be c r i t i c a l l y dependent on the precise spot at which they 
are made and that the form of f i e l d patterns recorded i n 
disturbed weather may depend largely on the location of the 
measuring instruments relative to local discharging points, 
natural or otherwise. I n th i s case the recorded patterns w i l l 
give l i t t l e indication as to the charge distribution i n the 
clouds, such was the conclusion reached by Lutz(1941). 
Further evidence i s given i n Fig.57 of the way i n which point 
space charge effect advances the main changes i n sign of the 
downwind f i e l d , so making the measurement of true delay times 
extremely d i f f i c u l t . The cloud appeared to be typical of i t s 
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kind and produced the usual meteorological disturbances at 
the surface. The cloud top could not be seen. 
Fig. 5^  i s an example of the exceptional case. Here the 
fi e l d s exceeded 3000v/m yet the downwind f i e l d showed l i t t l e 
effect from point discharge. The current through the point 
did not reach the peak values that one would have expected 
from surface f i e l d measurements. As previously a positive 
f i e l d was associated with the rain core. Simpson was the 
f i r s t to point out that many f i e l d patterns contain f i e l d 
changes which are almost linear with time. Fig.58 contains 
such an example and on the record the main f i e l d change was 
v i r t u a l l y linear with time over the range -1500 to +1500v/m. 
I n order to explain such linear f i e l d changes one might 
suggest that charge i s contained i n an almost vertical column 
which moves across the surface with but below the cloud. Such 
a charge configuration might occur i f the rain drops were 
charged. 
Fig.59 shows another complex shower pattern. On t h i s , 
occasion only the downwind m i l l was operating. A comparison 
of point discharge current with downwind f i e l d shows a marked 
point space charge effect, for at one time the point current 
was appropriate to a f i e l d of about •2600v/m, whilst 50m 
downwind the f i e l d was -lOOOv/m. 
Fig.60 i s a plot of upwind f i e l d at the Observatory 
during the passage of a group of violent shower clouds. Apart 
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from the fact that no lightning effects were recorded there 
was nothing to distinguish t h i s cloud group from typical 
thunder clouds. The cloud group appeared to consist of three 
"cells", two of which passed di r e c t l y over the Observatory. 
Fine examples of CI.(anvil) tops were observed and the usual 
meteorological disturbances were recorded. I n addition there 
was a marked pressure jump of about lmb during the heavy rain 
and just before the f i r s t rain f e l l the temperature dropped 
by 6 F. This pattern i s so complex that very l i t t l e inform-
ation could be extracted from the record. Rote that at the 
beginning of the pattern there i s the usual negative f i e l d 
which was due probably to the negative charge on the cloud • 
base but once space charge near the surface began to pass 
over, the effect of the eloud charge was lo s t . 
Fig.61 i s a reproduction of part of the record of the 
shower pattern i l l u s t r a t e d i n Fig.60. As the mills had short 
response times a true indication was given of the rate at 
which the surface f i e l d may change under violent shower 
clouds. The record of 30/3/54 showed that, on occasions, the 
f i e l d changed at a rate of over 500v/m~l/secl and once changed 
from -3000v to +3000v/m i n less than lOsecs. When the sur-
face f i e l d changes as rapidly an t h i s the horizontal compon-
ent of the electric f i e l d some few metres above the surface 
must amount to some thousands of v/m and i t seems that a very 
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hundred metres at speeds which at times may exceed 30m/see. 
12 .3 Snow and Sleet Showers. 
Only a few recordings were obtained during snow and s l e e t 
showers and these gave the impression that the meteorological 
and e l e c t r i c a l surface disturbances below such clouds are not 
appreciably different from those associated with r a i n shower 
clouds. 
Fig.62 shows a V pattern during s l e e t . Although at the 
time of the pattern the sky was d/8 Bs. i t i s believed that 
the main f i e l d disturbance was due to a small Cb. imbedded i n 
the layer cloud, l a t e r the Ns. did i n fact give way to Cb. 
There was no evidence of point space charge e f f e c t . 
Fig.63 shows a f i e l d disturbance due to the passage of a 
snow shower. Here the point space charge effect i s very 
evident, p a r t i c u l a r l y at the beginning of the pattern where 
the downwind f i e l d s uffers a positive displacement as soon as 
the upwind f i e l d reaches about 1500v/m. Again the i n i t i a l 
disturbance i s negative. 
Fig.64 i s another i l l u s t r a t i o n which demonstrates the 
way i n which a f i e l d pattern may d i f f e r according to the s i t e 
of measurement. The f i r s t f i e l d disturbance i s negative and 
point space charge e f f e c t s severely modify the downwind f i e l d 
at the Observatory. The Laboratories record also seems to 
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space charges must have been responsible f or part of t h i s 
pattern, for the wind and cloud d i r e c t i o n were approximately 
at r i g h t angles to the Laboratories-Observatory l i n e . There 
was too much snow i n the a i r to locate the cloud boundaries 
accurately. 
Fig.66 shows a f i e l d disturbance due to a medium sized 
s l e e t shower cloud and the peak f i e l d s were exceptionally 
large. Many of the previously discussed properties of shower 
cloud disturbances are i l l u s t r a t e d i n t h i s one figure. The 
effe c t of point space charge, the way i n which the pattern 
lags behind the cloud, the i n i t i a l negative f i e l d , the sur-
face wind v e l o c i t y fluctuations, the way i n which the delay 
times depend on cloud velocity when the f i e l d s are too small 
for point discharge to occur, the pressure Jump(in t h i s case 
0.5mb) and region of cold a i r which flows from under the 
cloud. A unique feature of t h i s p a r t i c u l a r s i t u a t i o n was the 
occurrence of 15 apparently instantaneous f i e l d changes of 
about lOv/m. These changes were of a type normally assoc i a t -
ed with lightning flashes, yet no thunder was heard and the 
nearest point at which thunder was reported was Cottesmore, 
over 250km to the south. This was the only occasion on which 
so many simultaneous changes i n f i e l d strength were recorded 
during non-thunderstorm conditions. I t was the wr i t e r ' s 
impression that the changes were due to small discharges 
within the cloud which were not of s u f f i c i e n t i n t e n s i t y to 
m 
produce audible thunder. 
I n the discussions on shower cloud phenomena no.great 
significance has been attached to individual values of H. 
As previously mentioned, these are subject to considerable 
error, so that i t would be unwise to attach too much import-
ance to individual values. I n general however, the values of 
IS are s l i g h t l y l e s s than one would expect i f the main f i e l d 
variations were caused by charges which were entirely.cloud-
borne. This conclusion i s i n agreement with other evidence 
which points to there being appreciable space charge i n the 
a i r below the cloud. Hence the general conclusion i s that 
the main f i e l d variations associated with shower clouds der-
ive from the horizontal motion of cloudborne and cloud 
associated charges. 
I n h i s memoir, Simpson(1949) gave examples of the many 
types of symmetrical f i e l d patterns which may occur i n Cb. 
conditions. Although the present investigation f a i l e d to 
account for such patterns as the N, S and the W, i t i s now 
possible to postulate l i k e l y situations i n which the ef f e c t s 
of cloud, precipitation and point space charges combine to 
give d i s t i n c t i v e f i e l d patterns at the surface as the charge 
system d r i f t s with the wind. 
12.if Thunderstorm Conditions. 
Some h a l f dozen thunderstorms were included i n the 
investigation but no serious attempt was made to decipher the 
complex information recorded. On most occasions the surface 
f i e l d s exceeded 10,000v/m and the extreme r a p i d i t y with which 
these f i e l d s varied made any analysis impossible. I t was 
hoped that some indication might be obtained as to the behav-
iour of the point space charge immediately following a large 
primary f i e l d change due to lightning, but because the 
primary f i e l d was never constant no r e l i a b l e conclusion was 
reached. Except when an investigation i s s p e c i f i c a l l y aimed 
at studying f i e l d changes due to lightning discharges there 
seems no point i n using short response time instruments i n 
thunderstorm conditions. 
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13. MODIFICATION OF SURFACE FIELDS BY POINT SPACE CHARGE. 
This section deals with the detailed e f f e c t s of point 
space charges on the upwind and downwind surface f i e l d s . As 
the problem appeared only as a r e s u l t of the main work and 
the experimental methods were not p a r t i c u l a r l y suited for i t s 
investigation, t h i s section i s intended only as an introduct-
ion and guide to future work. 
13.1 The Work of Davis and Standring. 
I n order to a r r i v e at a t h e o r e t i c a l evaluation of the 
e f f e c t s of point space charges, Davis and Standring(1947) 
postulated a simple physical picture of the processes involv-
ed. They assumed that the motion of ions leaving the point 
i s governed primarily by wind, with the ions d r i f t i n g down-
wind i n the form of a l i n e charge. Neglecting the e f f e c t s of 
recombination t h i s l i n e charge w i l l have a density which i s 
governed by the current 1 from the point and the wind veloc-
i t y V. Using simple e l e c t r o s t a t i c methods i t i s possible to 
express the e l e c t r i c f i e l d strength at any point on a conduc-
t i n g plane at a distance h below the l i n e charge. I f the 
l i n e has a length 1, then the f i e l d strength at a s i t e immed-
i a t e l y below the l i n e and a horizontal distance d(measured 
positive downwind) downwind from the point, i s given by, 
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and the upwind f i e l d due to the l i n e charge i s given by, 
A c = « i [ _ _ s L _ l 
^ &*VU L fr+iUAffr (k* + d * ) * J (13.2) 
I f the primarily large scale f i e l d i s uniform then the 
difference between the upwind and downwind f i e l d s i s given 
^ V U L (tf * A . 4 ) i ( k ^ t f - A ) 1 ) * - (k* + p + ^ J (13-3) 
I n the present investigation h=20m and d=50m. The length 
of the l i n e charge i s an unknown quantity but we might take 
100m as a possible value(the r e s u l t w i l l not d i f f e r apprec-
i a b l y i f i t i s assumed that 1=OD). Hence as 1+d^ h, then 
Eq . ( 13 .3 ) s i m p l i f i e s to, 
^ * ^ € . i r V k L ( k » + d O i C h V f l t - ^ ^ ' J (13.4) 
Substituting for 1 , d and h i n Eq . ( 13 .4 ) gives, 
A E > - A E u , = 3 3 * 1 0 3 ifa v/^. (13.5) 
where i i s i n micro-amps and V i n m/sec. 
The object now i s to see whether the actual measured 
values of E>-E«. are related to i/V i n the manner suggested 
by Eq . ( 1 3 . 5 ) . 
13*2 Results and Discussions. 
I f we are to t e s t the a p p l i c a b i l i t y of Eq . ( 13 .5 ) then 
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the conditions we must look for are somewhat idealized. The 
best conditions are those i n which the point discharge flows 
from a single point, where the primary f i e l d i s reasonably 
steady, the wind speed and direction constant and no precip-
i t a t i o n . Such situations occurred very r a r e l y i n the present 
investigation, for usually when current flowed from the point 
the primary f i e l d was f a r from steady, the wind velo c i t y was 
varying and there was usually pr e c i p i t a t i o n to complicate 
matters further. However, some records were made i n reason-
ably steady conditions and few values of E>-Eu. are a v a i l a b l e . 
Unfortunately only the mean wind over about 5min i n t e r v a l s 
was recorded so whereas the f i e l d measurements are p r a c t i c -
a l l y instantaneous the wind speeds are only averages. 
The values of E»-E u plotted i n Fig.67 have been used 
ir r e s p e c t i v e of wind speed and pr e c i p i t a t i o n . Up to about 
2fA there appears to be a roughly l i n e a r relationship between 
Ej>-Eu and i but above t h i s value of current the f i e l d d i s p l a -
cement tends to rapidly increase. Now when the current 
through the point reached 2/JL, the primary f i e l d was about 
lOOOv/m and above t h i s value point discharge might be expect-
ed to occur from the anemometer mast and from trees, e t c . , so 
accounting for the sudden increase i n f i e l d displacement. 
Two l i n e s have been added to Fig.67 to represent Eq.(13.5) 
for two values of V, v i z . V=2m/sec and V»Hm/sec, for these 




























Fig.67 V a r i a t i o n of f i e l d displacement with 
p.d. c u r r e n t . 
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measured values of E>-Eu. Hence from the Davis and Standrlng 
picture one would expect that for values of the f i e l d d i s p l a -
cement obtained i n conditions when the wind speed l a y between 
2-14m/sec, that, plotting these values against i , a l l the 
points should be contained between the two straight l i n e s . 
I n f a c t the points appear to be outside these l i n e s , giving 
the impression that the actual effect.of point space charge 
i s about one t h i r d of that predicted. 
There are many factors which might account for the 
discrepancy between actual and th e o r e t i c a l values. I n the 
f i r s t instance the Davis and Standring picture i s obviously 
over simplified. Even assuming conditions where current 
flows from one point only and when there i s no precipitation 
then the point space charge must be far.from a l i n e charge. 
Near the point the ions w i l l tend to follow the l i n e s of 
force and so move upwards. Some metres away from the point 
t h e i r motion w i l l be governed by the wind and the movements 
of the ions might be likened to that of smoke p a r t i c l e s 
leaving a t a l l chimney. Such p a r t i c l e s do not usually flow 
i n simple manner downwind for t h e i r motion i s complicated by 
turbulence and diff u s i o n . Sutton(1953) has derived equations 
giving the ultimate d i s t r i b u t i o n of matter which flows 
continuously from an elevated source and such equations might 
fin d some place i n point discharge investigations. I t 
appears that instead of a l i n e charge one would expect a 
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cone-like d i s t r i b u t i o n of charge with the a x i s of the cone 
tilted/vaway from the point. Within the cone the space charge 
di s t r i b u t i o n must be f a r from homogeneous because of the 
ef f e c t s of small scale turbulence. This i s supported by 
actual measurements of the effect of space charge on the 
downwind f i e l d and Fig.68 i l l u s t r a t e s the nature of the 
variations of t h i s f i e l d . Because the space eharge cone i s 
f a r from uniform i n density and structure, accurate measure-
ments of Eg~Ev a r e d i f f i c u l t to make* 
Further complications are added i f the wind direction 
changes, for unless the f i e l d i s measured immediately below 
the a x i s of the cone the effect of the charges w i l l be 
reduced. Because of t h e i r screening e f f e c t l o c a l buildings, 
trees and the very point i t s e l f , w i l l tend to reduce the 
surface f i e l d due to the point space charge. 
I n p r ecipitation r a i n drops or snow flakes w i l l pass 
through the eharge cone. Within the cone the ion density 
w i l l be high, as might be the conductivity. Hence despite 
the short time during which the precipitation p a r t i c l e i s i n 
the cone appreciable charges might be picked up by the Wilson 
process* Under these conditions the point space charge w i l l 
be forced to earth and near the point the downwind f i e l d 
might suffer considerable displacement due to the charges 
residing on drops or f l a k e s . Although i t i s not possible to 
v e r i f y t h i s from the r e s u l t s of the investigation there i s no 
evidence to suggest that the point space eharge ef f e c t i s 
lessened by heavy pre c i p i t a t i o n and there i s a suggestion 
that the effect i s enhanced i n snow. Simpson(1949) has i n 
f a c t shown that precipitation elements appear to carry point 
space charge to earth and that snow flakes are more eff e c t i v e 
as c o l l e c t o r s than r a i n drops i n t h i s respect. I f such a 
process of l o c a l Wilson capture does occur then i t would be 
of great value to measure precipitation currents on either 
side of a discharging point. 
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14. SUGGESTIONS FOR FURTHER RESEARCH. 
The following suggestions, some of which have already 
been made i n e a r l i e r sections, are offered as possible l i n e s 
for further research, 
i ) Fine and F a i r Weather. 
Future investigations might be directed towards a better 
understanding of the relationship between wind structure i n 
the lower troposphere and the short period f i e l d v a r i a t i o n s . 
P a r t i c u l a r attention should be paid to the effect of the 
v e r t i c a l temperature gradient and any atmospheric convective 
motion on the form of these v a r i a t i o n s . Precautions would 
have to be taken to ensure that the f i e l d variations were due 
mainly to i r r e g u l a r i t i e s i n the d i s t r i b u t i o n of the normal 
positive space charge and not due to cloud associated or man-
made charges. I n order to study any connection between 
convection currents and f i e l d variations a profitable l i n e of 
approach might be the simultaneous measurement of surface 
f i e l d , wind velocity and a i r temperature. I t would be ess-
e n t i a l to measure the two meteorological elements at some we l l 
exposed s i t e , for example at the top of a t a l l mast. The mast 
might also be used to a s s i s t i n temperature gradient measure-
ments. 
Surface f i e l d measurements might be a useful tool i n 
micro-meteorological Investigations. I f a known quantity of 
charge was liberated either instantaneously or continuously 
from a point source then measurements of surface f i e l d 
strength downwind of the point might give some indication as 
to the wind structure(the charge might "pick out" any 
convection currents) or dispersion processes. 
Further work might be concentrated on the problems 
associated with the production of charge by " a r t i f i c i a l " 
means. I n p a r t i c u l a r we require to know more about the 
o r i g i n of net space charges associated with combustion 
products; what governs the sign and quantity of charges so 
produced, what are the properties of the combustion ions and 
to what degree do they a f f e c t surface f i e l d measurements i n 
the v i c i n i t y of large towns? 
i l ) Mist and Fog. 
The nature and origins of f i e l d variations i n fog appear 
to be f a i r l y well understood, although further work on the 
relationship between f i e l d , "precipitation" currents and 
droplet properties might give some indication as to the 
charge separation process operative i n Stratus cloud. 
Further work should be directed towards a better under-
standing of the way i n which charges are liberated and 
ca r r i e d from high tension cables i n foggy weather. Prelimin-
ary experiments might be carried out using a "mock-up" 
transmission l i n e a few metres i n length and connected to a 
high voltage generator, 
i l l ) Layer Clouds. 
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A fundamental d i f f i c u l t y associated with surface f i e l d 
measurements i s that they give l i t t l e i ndication as to the 
actual charge structure within layer clouds. Because surface 
measurements are limited i n t h i s respect many of the e l e c t r i -
c a l properties of layer clouds can only appear as a r e s u l t of 
a s e r i e s of airborne measurements using instruments which 
have the same order of s e n s i t i v i t y as those used on the 
surface. Any surface measurements which give an indication 
as to the polarity(unipolar or bipolar) of a t y p i c a l layer 
cloud would be invaluable, 
i v ) Cb. Conditions. 
The r e s u l t s of the present investigation confirms st a t e -
ments made by other workers i n that surface f i e l d measure-
ments under shower and thunder clouds often give l i t t l e 
indication as to the charge structure within the clouds. 
However, measurements made under small shower clouds gener-
a l l y give a much more r e l i a b l e picture of the cloud charges 
and although conditions under such clouds are comparatively 
simple and clear-cut no great advantage appears to have been 
taken of t h i s opportunity to study some of the processes 
which must occur i n a much more violent form i n thunder 
clouds. Hence i t i s believed that a detailed study of small 
shower cloud conditions w i l l lead, i n d i r e c t l y , to a greater 
understanding of thunder cloud phenomena. 
Investigations of point discharge phenomena offer con-
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siderable scope 3 0 f a r as surface measurements are concerned. 
I f point discharge currents can be produced i n steady condit-
ions vrhen the primary f i e l d i s small, then the point space 
charge e f f e c t may be studied with ease. We need to know more 
about the l i f e of the ions once they leave the point, the 
r e l a t i v e e f f e c t s of a i r currents and e l e c t r o s t a t i c forces and 
the ef f e c t of precipitation on the space charge "cone". 
There i s a great need for simultaneous measurements of pre*-
c i p l t a t i o n currents upwind and downwind of a discharging 
point. Once a reasonable understanding of the point space 
charge e f f e c t i s obtained then the f i e l d might be measured 
upwind and downwind of an iso l a t e d tree with a view to making 
in d i r e c t measurements of point discharge current from the tr e e . 
I t should be possible to obtain an estimate of the M value for 
the tree and to investigate how t h i s value varies with season-
a l growth and whether wetting by r a i n a f f e c t s the discharging 
properties. 
I n general i t would be advisable to continue simultane-
ous f i e l d measurements at widely separated s i t e s , for example 
at s i t e s over 1000m apart. I d e a l l y three s i t e s would be 
required with the three instruments recording on a common 
recorder. Future work should concentrate on recording the 
micro-meteorological conditions simultaneous with v i s u a l 
observations of the clouds and measurements should be made of 
as many e l e c t r i c a l parameters as possible. 
ACKNOWLEDGMENTS. 
U6 
The author i s g r e a t l y indebted to Dr.J.A.Chalmers 
f o r c o n t i n u a l I n t e r e s t , encouragement and v a l u a b l e 
d i s c u s s i o n during the course of the work and f o r the use 
of the agrimeter. 
Thanks are due t o Pro f e s s o r J.E.P.Wagstaff f o r t h e 
f a c i l i t i e s granted and to the Ph y s i c s Department workshop 
s t a f f f o r t h e i r h e lp. 
The scope of the i n v e s t i g a t i o n might have been much 
more l i m i t e d had i t not been f o r the kindness o f the 
Durham U n i v e r s i t y Observatory Committee who granted 
permission f o r the use of the Observatory s i t e . 
Thanks are a l s o due t o my f e l l o w r e s e a r c h students 
who helped i n many ways, i n p a r t i c u l a r t o ESr. J.R.Kirkman 
who manned the Laboratory instruments and so made 
simultaneous recordings p o s s i b l e . 
To the Durham C o l l e g e s Research Fund f o r grants f o r 
the purchasing o f equipment and to the M i n i s t r y of 
Education f o r a maintenance grant. 
F i n a l l y to Miss L.Lawson f o r the p r e p a r a t i o n of the 
t y p e s c r i p t . 
147 
REFERENCES. 
ALLEN,C.W. ,1939,&2emo.Com.Solar Observatory,Eo.3. 
BAUER,L.A.,1923,Terr.Magn.Atmos.Elect.,29,23. 
BLAMFORD,A.J.,1929,Quart. J . I: .Met. Soc. , , 363. 
BLEIA/ER, A. . , 1953, J . S c i . I n s t . ,22»91 • 
BiiOMW.J.Q. ,1934»Terr.Magn.Atmos.Elect.,40,413J 1 9 3 6 ,Ibid., 
41 ,297; 1 9 3 7 ,Ibid.,4 2 , 1 6 3 . 
BROuiME,I.C., 1952, Quart. J.R.Met.Soc. ,2$, 590. 
3K0XT0M et al,1933,Phys.Rev.,44., 2 53. 
BRUNT,D.,1939,"Physical and Dynamical Meteorology", 
Cambridge Univ.Press. 
BYisRS.H.R., 1953,"Thunderstorm El e c t r i c i t y " , U n i v . o f Chigago 
Press. 
CHAUl£RS,J.A.,1952,J.Atmos.Terr.Phys.,2,155; 1 9 5 3 ,Ibid., 
4 , 1 2 4 . 
CHALMEKS,J.A.and HUTCHINSOW,ti.C.A.,1951,Quart.J.B.Met.Soc., 
ZZ.S5. 
CH ALi-is&S, J . A.and LITTLE, E.R. . , 1947, Terr.Magn. Atmos. E l e c t . , 
52,239. 
CHALKS, J . A. and MAPLiiSON.W.W. ,1954,To be published. 
CHAPMAN,3.et al'1949,"Thundercloud Elect.Studies I I " , 
IOffice of Naval Research.Contract N6-onr-251-8) 
COOPER,F.L.,1936,Physics,2,3^7. 
DA VIS, B.. and STAWDHING,W.G., 1947, Proc .Roy .Soc.A, 191,304. 
DAHL, H., 1951, Chr.Michelsons I n s t .Bergen ,14,3. 
DEAC0M,E.L.,195l,J.Sci.Inst . ,2g,231. 
DUPEiiIER,A.and C0LLAD0,K. ,1933,Comptes Rendus.197.422. 
DUtiS?, C. S., 1943, Ouart. J . R .Met. Soc., Jk»349. 
D:iIGOT, C. H., 192 5, Terr .Magn. Atmos. E l e c t . ,2£, 101. 
14f t 
i'W •.i.-ili-:»Jb, Y . I . , 1 9 4 4 8 • , "J . ^ •.>•1 . 
f t iLui'piv. ,1947, . " e t c o r o l . ap;. ,26 , 14 . 
'.•iH'Af^'/i',i.i.i'uet al,1932»r-':ot. O f f i c e Oeoohyo. I .em. f tio. 5 4 . 
}U..iJ fi n 1952,«'cr. , l e t e o r o l . , 9 , 3 ^ 7 . 
i i'LiVUt3i.Lvbl ; ^ , . , . i ; . A . , 1 9 5 1 , ' . ; . u a r t . J o r . f . ' " i c t . J o e .,2Z / - 2 7 . 
I ^ , A J L , r i . , 1 9 4 3 , : e t . , e i t . , 2 , 5 6 ; 1 % 7 , i s o . *rb. - :-.vLt 1,6?; 
1 % ^ , I'err.. ,ipn . ~ t n o s . l e c t . , 5 3 , 3 7 3 ; .1953, iyers -
Thunderstorm Electricity,G H t T s . 
I^'jiy*,U.and u^.-3..^iL. lii.e'j. ,1952,Arch.f.i.'et.^eonhys.Biakl., 
£ A , 7 1 . 
« ; A ^ , 1 9 5 3 , ' u a r t . J . L - . i e t . oc. ,22,42- 5 . 
•(•;.and i r l i ^ i i G a b , - i . a . , 1949,Terr .r.'apn.Atraos.. '.lect., 
4 9 , 1 1 9 . 
u i i t 5L iYi., h . . , 19D6, Kct .£eit. , p . 15 5 . 
i r i l U i-m, J , ,1950, AretuKet. :^oi>hye. r?iokl. t 3 V $ 4 ; i n & > 
J . A t D i O B.Terr . i^iyB. , 2,1; 19527^rcfi. :ot.Seo^hyn. 
^ l o k l . t 5 6 ; A+«V>.*"r\efc.., VOico. 5, ( H 5 J U ) , 54. 
,Lord, 1!> 5 5,r •. *.r e n o r t , 2 , 2 2 . 
L l k . 1 ^ ; A i ' . , j , y ^ , i - and h,I5fA«i - ; , i< , . ,1932, : . e v . i i c i , I n s t . , 3 , 1 . 
.iiuis^'LL^jL. , 1 9 5 1,- r"ea.InBt. oy^-'et.de ; J e l f % , 4 8 ; 1 ^ 3 , 
T y e r s - Thunderstorm \ l e c t r i c i t y , ; ; h t . 3 . 
LLJUWI^T,;... , l % 6 , L a r t c o r o l o g i e , 2 4 9 ; Innnles tic 
-eorchys. , 4 , 1 ^ 6 . 
iJ...0ULA6^,ii.and «i>> v l L a i . , 1 % 3 , innales de f t e o n h y s . , 4 , < 1 6 . 
J. '>.;.,,..,. , 1 9 4 3 , l e t . -.eitsch. , & ) , 3 4 0 . 
1 9 4 1, I J e i t r . Geor>5iys. . 4 7 . 3 1 7 . 
»-aiui ' U *and U M C . , i » . A 7 . , 1951 , k-roc.r.oy.Ooc.A , 209 ,15- . 
xAi>i,te;iiu9:j*.j* , 1 9 5 3 ,s ' h.W.Thesis,University of i h i r h a r a . 
r::Ai^i, :i . J.and v i 2 , u . i \ , 1 9 5 2 , : uart. J.V..ICet.Ooo. , 7 £ , ? 2 6 . 
MJilLEISEN,k., 1951, Z.Naturforsch., 6A,667; 1952, Naturwissen-
schaften, 16,376; 19"5T, Zei t . Geophy a .,29,142. 
NOLAN,P.J.,1940,Proc.Roy.Irish Acad.A,46,71. 
• JklMY ,R.C., 1947, Quart. J.R.Met. Soc.,22,437. 
L A K G S , - , 1942,S.I.G.E.S.C.O.Feport,IIB/6022,»German Research i n Wartime": (Ministry of Supply). 
RUUGE,W.A.D.,1914,Proc.r,oy.Soc.A,90,256. 
kUSSELTVEDT,N.,1925,Beih. Jahrb.Norw.lViet.Inst., 
SCHUSTEk, ivi.A., 1951, Hev. S c i . I n s t . , 22, No. 4,2 54. 
SCH-SEIDLER.E. ,1929,Luftelect.Einfur.Geophys. ,11,291. 
SCHwLtviKHAGiiiUjH., 1943, E l e c t r i z l t a t s w i r ^ t s c h a f t , 42,120. 
SCOUEK,K.S.and LODLAM,F.H.,1953,Cuart.J.K.Met.Soc.,79,94. 
£CiiASE,F.J,, 1934,Met.Office Geophys.Mem.,No.60; 1933,Ibid, 
No.53. 
SHEPPARD,P.A.,1940,J.Sci,Inst.,12,213. 
3 I L , J,w.,1933,Ouart. J.fi.Met.Soc . ,^9,23. 
SIMPSON,Sir George,1949,Met.Office Geophys.Mem.,No.#4. 
SIIviPSON,G.C.and i,0131IJSOW,G.0., 1940,Proc.!ioy.Soc.A,I77, 2 F T L • 
SIVAiiAtoAKi»ISHMAN,M. V. ,1952,Indian J.Met.C.eophys. ,4, Wo. 1,66. 
Si4ITil,L.G. , 1951 ,Dissertation,University of Cambridge. 
STUCKILL,J.,1955,Ph.D.Thesis,University of Durham. 
SUTTON,00.,1953,"Micrometeorology",New York (McGraw-Hill). 
TEL.&AIJ,F,E . ,1943, "Radio Engineers Handbook",McGraw-Hill,395. 
HI PPLE , F . J.vv. ,1929, Quart. J . R .Met • Soc., j>£, 1; 1929, Ibid , 
55,351; 1937,Terr.Magn.Atmos.Elect.,42,129. 




titORMELL jT., 1927, Proc i Roy .Soc. A, 115,443; 1953, Quart. J.R. 
Met.Soc,7£,3 . 
YATES,A.H.,1953*Quart.J.R.Met.Soc.,22,420, 
